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The effect of shear blocks in OSB double layer gridshells 
 
Abstract 
Bending active gridshells result from made by deforming, usually on site, an initially 
flat grid composed of straight members into a 3 dimensional curved shape.  
 
A timber bending active gridshell sufficiently stiff for even a long span may be 
assembled from individual flexible layers. Each grid layer is independently deformed 
into a 3-D curved shape. The layers are then locked together using shear blocks to 
form a stiff and strong composite structural unit. 
 
Bending active timber gridshells require long defect-free lengths (to avoid fracture 
during forming) and small member cross-sections (for flexibility). The use of solid 
timber laths usually involves costly processing to cut out defects and re-join the 
pieces. This study examines an engineered timber product, Irish Orientated Strand 
Board [OSB], which promises to address these difficulties. 
 
This research investigates the degree of composite action generated by shear blocks 
in a double layer bending active gridshell made from Irish OSB. The study also 
investigates the material stiffness of OSB. Gridshell behaviour is typically 
geometrically non-linear and depends on the forming process. Computer analysis can 
address both issues. It is convenient in such computer models to treat a multi-layer 
grid as a single layer grid of equivalent stiffness. This equivalent stiffness depends 
on the effect of the shear blocks. Collins has established a global value for the degree 
of composite action (and hence an equivalent bending stiffness) for best fit of 
experimental deflection data with model predictions in a double curved Irish OSB 
experimental gridshell. However Collins did not investigate directly the degree of 
composite action in individual members. This research investigates the degree of 
composite action of individual flat double layer strips of Irish OSB and compares 
these with the best-fit global value noted by Collin’s. Significant differences from 
Collins’ value are noted and possible explanations discussed.  Suggestions for 
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Chapter 1: Aims, Objective and Key Ideas of this Study 
 
1.1 Introduction  
Shells are efficient 3-dimensional structural forms. Unlike shells, bending active 
gridshells allow similarly efficient shell-like forms to be built by bending a grid of 
straight components. However this means that the components used must be 
sufficiently flexible to allow forming. Increased strength and stiffness may be 
achieved by using multiple layers, each layer being bent independently. The layers 
are then locked together to form a single structure of significant depth. A number of  
large multi-layer bending active gridshells have been constructed using solid timber 
laths (see chap. 3). The member cross sections used are small (of the order of 50 
deep and 80 mm wide). Because sections are small relatively small, defects such as 
knots must be largely eliminated to avoid breakages and indeed possible gross 
structural failure. This is done by cutting out the defects and re-joining the pieces to 
form adequately long laths. This is a labour intensive and costly process. Having 
eliminated most defects, some breakages still occur during forming. In contrast to 
solid timber, engineered timber eliminates such defects during the manufacturing 
process by fragmenting the raw material before processing. Therefore if long laths of 
small cross section could be made from an engineered timber product one of the 
major difficulties in the use of timber gridshells could be overcome. 
 
 This study builds on Collins’ previous study (Collins 2016). Both studies are 
situated in Ireland. Therefore it was desirable to investigate if Irish timber could be 
used as a suitable raw material. Only one engineered timber product is made using 
Irish timber .That is oriented Strand Board (OSB). This material is currently 
produced in long panels and then cut and sold in standard sheets of 1.2m by 2.4m in 
various thicknesses. Therefore both studies use laths cut from the commonly 
available 2.4m by 1.2m OSB sheets. However if it were shown that the material 
could successfully address the difficulties noted, there is no obstacle to procuring 
much longer sheets which could be longitudinally ripped to produce laths of 
sufficient length suitable for use in gridshells. 
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Building on Collins’ study, this study examines the degree of composite action 
achieved between two gridshell layers joined by shear blocks by measuring the total 
bending stiffness of individual double-layer assemblies. An equivalent moment of 
inertia for the double layer assembly may be calculated from these measurements. 
This in turn allows a parameter Cs to be quantified which indicates the degree of 
composite action present. Collins measured deflections under load for a complete 
double layer OSB double curved gridshell with bolted shear blocks. Using a 
computational model, Collins identified a single global value for Cs that achieved 
good agreement between predicted and measured deflections for his gridshell.  
 
In this study stiffness measurements were made for individual double layer 
assemblies using both screws and bolts and a small sample (3) of glued assemblies 
was also tested. The assembly geometry was modelled on Collins’ gridshell. The 
scope of this study was limited to flat specimen assemblies. Specimen stiffness and 
strength under transverse load was measured. Bolted, screwed and glued assemblies 
were investigated. Assemblies using three different raw material thicknesses were 
tested. 
 
Engineered wood materials are cost efficient in so far as they allow relatively low-
grade raw material to be used in a variety of applications. This is so because when 
the solid timber sections are fragmented during the manufacturing process the 
defects (e.g. knots) are distributed and the final manufactured piece of engineered 
timber approaches the mean strength and stiffness of the raw material without 
defects. In contrast if solid timber is used the designer must account for the 
possibility of a relatively large defect such a knot occurring at a critical section and 
also must account for the natural variation in the strength by using a design strength 
and stiffness much lower than the mean material strength. Irish softwood timber is of 
relatively low strength. Thus, this study aims to examine the potential of Irish timber 
in an engineered form for use in advanced timber structures thereby potentially 
extending its field of application. 
 
This study concerns the stiffness of composite assemblies made from OSB. 
Therefore the elastic modulus of OSB is required. Although historical data is 
available from Collins’ study, because the manufacturing process was modified 
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recently, measurements are made to confirm the elastic modulus for the relevant 
current “new” OSB product. 
 
The thesis begins with a brief review of the development of gridshells during the last 
few decades. Gridshells made from a variety of materials are described. Because this 
study is concerned with double layer timber gridshells a number of examples of such 
structures are examined.  
 
The two main objectives of this study are to:  
 
Establish the degree of composite action after locking between individual layers of 
double layer gridshells made from Irish Oriented Strand Board (OSB) with various 
thicknesses and fixing types. 
 
Examine the short term behaviour of both screwed and bolted arrangements and 
compare results with test results from a previously constructed elliptical double layer 
gridshell. In addition, three fully flued double layers beams were tested and 
compared to the bolted beams.    
 
1.2 Key Ideas, Issues and Questions 
The final focus of this study is the stiffness of the double layer gridshell members in 
bending active gridshells made from Irish OSB. The specific focus and rationale of 
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Chapter 2: Introduction 
 
This chapter is an introduction to the gridshell structural form which is the context 
for this thesis. An introduction to gridshells is given in section 2.1. In section 2.2 
some built examples are described. In section 2.3 the advantages and the 
disadvantages of gridshells are considered. Finally in section 2.4 the topic of bending 
active gridshells is examined. 
 
2.1 Introduction to Gridshells 
Shell structures are efficient in their performance and lead to a high span to thickness 
ratio (Collins et al. 2015). They can be made from different materials such as 
reinforced concrete or steel. However forming double curved loadbearing surfaces 
can be challenging and expensive. For example while reinforced concrete may be 
poured to achieve any desirable geometry, making a reinforced concrete shell 
requires a complex and expensive temporary system of supporting formwork. In 
contrast to shells, gridshells are curved structures, usually roofs, composed of linear 
members (whether curved or straight) arranged as a grid in a three dimensional 
shape. Like a shell, a gridshell supports applied loads, particularly distributed loads,  
efficiently because its three dimensional form minimises bending and maximises 
load support via axial forces (Harris et al. 2003). In general the manufacture of linear 
gridshell component members, their transport, shaping and joining to form a 
complete gridshell will be simpler than processing plate-like double curved 
components required for shells. They also allow the use of a huge range of 
commonly available mass-produced sections in a variety of materials. 
 
Gridshells can be designed in various shapes. In recent years the engineering design 
of gridshells has been significantly developed (Harris et al. 2003). Gridshells may be 
made from steel or timber. Carbon Fibre Reinforced Plastic [CFRP] or Glass 
Reinforced Plastic [GFRP] can also be used in gridshell structures. 
 
There are two principle categories of gridshells:  bending active and bending 
inactive. Examples of bending inactive structures would be a truss, a portal frame 
and a geodesic dome. The final geometry, curved or approximating a curve, is 
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achieved by cutting and joining individual pieces. These pieces can be relatively 
short straight pieces (struts or ties) that can be assembled to approximate single 
curved (e.g. a barrel vault or conical shell) or double curved (e.g. a sphere or 
ellipsoid) form. The structural members are, in principle, unstressed just before 
assembly and after assembly the only stress arises from self-weight. The assembled 
form is the final form of the structure. Smoother curves may be achieved by pre-
curving the elements to be joined. For example steel may be hot rolled or cold rolled 
into curved shapes. Apart from some very local residual stresses, there is no major 
pre-stress locked into such curved steel members. They maintain their curved form 
without the need for any external restraining forces. A similar result can be achieved 
in timber by building up individual curved elements using glued laminated timber. In 
either case a single or double curved gridshell can be achieved in its final form 
without needing to apply any forming or shaping forces on site. However such pre-
construction forming does have a cost, particularly where timber is concerned. 
Timber cannot be rolled into curved shapes like steel so curved members have to be 
built up from individual layers and laminated. 
 
In contrast to bending inactive structures bending active gridshells are formed on 
site. Straight lengths are joined to form a flat grid. The grid may be laid out on the 
ground or at high level on a scaffold platform. The grid is then gradually either lifted 
or pushed up at designated points or allowed to drape down at the edges with some 
forming or shaping forces (horizontal or vertical as required) applied in addition to 
gravity forces. Consequently, the once flat grid which has relatively low strength and 
stiffness for supporting transverse loads develops a new three dimensional shell-like 
shape. It becomes a gridshell structure as is shown in figure (2-1). 
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 Figure 2-1: The shape of gridshell structure 
 
Because of this forming process bending active gridshells have significant bending 
stresses induced before any external loads are applied.  
 
Gridshells have a three dimensional structural form that resists applied loads mostly 
through developing internal axial forces. In general, depending on the applied load,  
gridshell structures develop various internal forces including tension, compression 
and shear forces in section of the shell (Harris et al. 2003). If the design conditions 
require a very stiff gridshell, than a double layer gridshell may be used. Each flexible 
layer of the double layer gridshell can be bent into shape individually before the 
layers are locked together to form a single composite structural unit of considerable 
stiffness. 
 
2.2 Some Examples of Gridshells  
Gridshells may be built from a variety of materials including steel or timber. A 
number of non-actively bent gridshells are described first. Regular single and double 
curved examples are described. Then two more free form examples are described, 
one using mostly tension followed by one using mostly compression in supporting 




Flat gridshell structure  Curved gridshell structure  
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2.2.1 Cylindrical Lattice Shell                                                                       
The roof of a sports hall in Berlin – Charlottenburg was built in 1989. The overall 
geometry of the roof surface is a barrel vault which is a single curved surface. The 
pre-curved timber ribs are made from laminated timber. The diamond lattice shell is 
stiffened by diagonal sheeting, which provides membrane action to a certain extent. 
The spacing between the ribs is 2m and the connections are made rigid using steel 
plates and pin joints. The horizontal support reaction is resisted by raised ties. 
Despite this stiff system, four steel stiffening beams were added to support the 
structural elements.  (Figure 2-2)(Toussaint 2007). 
 
  
Figure 2-2: Sports hall Berlin - Charlottenburg & Node of the barrel vault lattice (Toussaint 2007) 
 
2.2.2 Radial Rib Dome 
A double curved hemispherical axisymmetric geometry (Fig. 2.3) may be generated 
by rotating a semi-circle about a vertical axis. Therefore identical ribs can be 
arranged in a circle to form the dome. The ribs are glued laminated timber and come 








                                                                  
              
Figure 2-3: Radial rib dome (Toussaint 2007) 
 
2.2.3 Suspended Shells 
The brine baths at Bad Durrheim was built in 1987 (Figure 4-2). It is a tension 
structure. The roof is hanging from five tension rings, supported by tree-like 
columns between 9.1 and 11.5m high. The lattice has been constructed of double 
curved and sometimes twisted Glulam ribs with two layers of diagonal sheeting to 
link the ribs. The meridian ribs, measuring 200/250mm, are suspended from ring to 
ring, or ring to perimeter arch and follow the catenary line. That is under self-weight 
and uniformly distributed roof loads they will hang in pure tension. Following the 
primary stress trajectories, these are primarily loaded in tension. The annular ribs are 










 Figure 2-4: Tree columns (brine baths) 
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2.2.4 The British Great Court Museum   
 The British museum Great Court is an example of a non-bending active all-welded 
steel gridshell with in-plane bracing. Virtually all the welding was done on site. It 
spans 73m east-west and 97m north-south. The steel gridshell roof structure of the 
museum was covered by glass panels and contains at it centre the 44 meters diameter 










 Figure 2-5: The British museum great court, a: External view, b: internal view 
 
From these few examples the elegant and varied structures that can be realised using 
gridshells is apparent. So is the complexity of element manufacture and construction. 
In some respects bending active gridshells promise to eliminate some of this 
complexity in manufacture and construction. 
 
2.3 Advantages and Disadvantages of Gridshell 
As with any shell-like form, the main advantage of using a gridshell is the large span 
to thickness ratio that can be achieved. (Toussaint 2007). If the geometry is well 
chosen, the dominant load transfer mechanism is via axial forces. This is an 
inherently efficient load transfer mechanism of which the catenary form at Bad 
Durrheim is an excellent example. But a gridshell, unlike for example a cable net, 
may also generate shear, bending and torsional forces as required in response to local 
load and geometry. Therefore a gridshell may be more versatile than a pure-tension 
cable net which will in general require large pre-stressing forces to achieve an 
adequate stiffness. Thus a large gridshell structure may be built with a relatively 




In spite of the advantages of gridshell structures they are still not in common use and 
there are a number of reasons for this. Firstly any 3D form, especially one of 
irregular form, will be more costly to make than a form made up of repetitive1D or 
2D straight and flat modules such as beams or trusses. Secondly the behaviour of the 
gridshell will in general be non-linear because it consists of members which are 
curved and subject to both bending and axial forces. Modern structural analysis 
software can certainly deal with this non-linearity. While the relevant skills are not 
available in every locality, they are available in virtually every developed economy 
but at a cost premium. Thirdly solid timber structures are generally more time 
consuming to design because of the non-isotropic nature of the material and the 
complexity of connection design.  
 
The many joints involved in a gridshell means that an economical jointing method 
must be found. This is easiest when steel is the material of choice as welding is a 
well-developed technology and the associated metallurgical issues are well 
understood. Furthermore the relevant skills are relatively common. However if 
timber is the material of choice then difficulties arise. While various jointing 
technologies are available for timber there is no welding process to join timber.  
 
For many gridshell designs, the material must be able to be formed into curved 
members. A ductile material like steel can be easily and permanently curved during 
fabrication off site and once again the necessary technology is well-developed and 
readily available.  On the other hand, while timber may be curved under load to 
some extent, long solid timber sections cannot easily be formed into stable curved 
shapes .Gridshells made using such site-applied forming forces are called bending 
active gridshells (see section 2.4 below). However permanently curved timber 
members may be formed using some form of engineered timber such as glue 
laminated timber. Therefore, as seen in the three examples above, many timber 
gridshells are made from glue-laminated timber. 
 
However not-withstanding all these difficulties, there are occasions when the unique 
aesthetic quality achievable using timber gridshells is sufficient to mandate their use. 
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2.4 Bending Active Gridshells 
Bending active gridshells involve one further complexity: the final form is produced 
on site and the design must take account of the construction sequence. Furthermore 
the forming process builds in stresses which must be accounted for in establishing 
the load capacity of the finished structure. However they avoid one major 
disadvantage of bending inactive gridshells: they are formed using very simple 
straight elements arranged in a simple grid. 
 
Bending active structures utilize a material’s capacity to bend elastically to generate 
3 dimensional curved geometries from initially straight or planar 1 or 2 dimensional 
building elements. Multilayer bending active gridshells can generate large spans with 
very little material (Nicholas et al. 2013).  
 
Materially, bending active gridshells must be flexible enough to deform and bend 
easily, with the capacity to remain elastic. They also need to possess high strength, 
which makes their high curvature possible. Traditionally, timber has been the most 
commonly used material. However FRP, which has a lower ratio of stiffness to 
strength, and thus the ability to achieve higher curvatures, is now of great interest 
(Paoli 2007). 
 
The geometry of a gridshell emerges from a process of transformation, where force 
is exerted on the straight or flat elements to deform them into a doubly curved 
surface that achieves equilibrium of the applied shaping forces, internal bending 
moments and the forces transferred from one element to another (Lienhard et al. 
2013). This sequence begins with the definition of an initial flat grid topology that is 
then deformed incrementally into a smooth surface, either as a complete mat or 
element by element, and finally locked into position through bracing and restraint at 
footing points. In the case of Mannheim Multihalle (Figure 2-6) the gridshell was 
built flat on the ground and then raised into position (Happold and Liddell 1975), 
while the Downland Gridshell (described in chapter 3) was built on a raised platform 




For some materials and geometry such as glass reinforced composites of small 
section, the on-site forming process is not too difficult. A flat grid may be picked up 
and allowed to hang under its own weight. The member ends may then be pushed 
into the support frame or footings. However for some materials and geometries the 
forming process will require the application of significant forces to the flat grid to 
force it into a curved form. The grid may need to be temporarily supported in an 
elevated position and then pulled down as each member end is connected to the 
supporting frame or foundation. This can involve significant temporary works and 
can be labour intensive if the materials and sections in use do not deform sufficiently 
under their own weight. 
 
If solid timber is the material of choice, because the section sizes must be relatively 
small to allow forming, defects such as knots are likely to lead to fractures during the 
forming process. Therefore it may be necessary to process the raw material into short 
defect-free lengths and then join these by finger jointing into longer lengths (See 
chapter 3 for example). Longer lengths are very much preferred for timber gridshells 
since the cost of creating many hundreds of primary structural joints on site in 
timber, whether bolted, screwed or glued is usually costly.  
 
These difficulties suggest the possible advantages of using an engineered timber 
product that can be processed into long flexible members of small cross section. The 
rationale for this study emerges from these considerations. Irish OSB is a relatively 
low cost engineered timber product made from sustainable managed softwood 
forests in Ireland. The OSB is produced as sheets of modest thickness which can, in 
principle be processed into lengths for use as laths in bending active gridshells. 
 
In order to be able to predict the structural behaviour of the completed grid structure, 
the design model should accurately represent not just the final form but also the 
construction sequence (Toussaint 2007) since the forming process induces 
significant bending stresses in the grid long before external loads are applied. The 
design process must examine many possible construction sequences for bending the 
grid structure into its final shape. This requires time and repetition, in order to avoid 
any unintended overstress in the members during or after the forming process. The 




 Figure 2-6: Mannheim Multihalle (Burkhardt et al 1978) 
2.5 Summary 
Typically, gridshells structures have been constructed from different materials such 
as steel, timber (both solid and engineered) and fibre reinforced composites. The 
complex shapes of gridshells used in architecturally ambitious construction remain 
as appealing as ever in the public realm. The geometry of a shell structure is defined 
as a curved surface that has three dimensional shape and sufficient strength and 
stiffness to cross large spans with very little material. Examples of bending active 
gridshells were described and explained including single curved and double curved 
layer forms and free-form geometries action in tension and compression. A gridshell 
can be constructed as a single layer or with two or more layers. The rationale for the 
use of multiple layers and bracing was explained. Moreover, some explanation of the 
advantages and disadvantages of gridshells was also given. The analysis of bending 
active gridshells is focussed on predicting the geometry and the structure behaviour 
during its formation as well as under subsequent external loading. The potential 
advantages of engineered timber for bending-active gridshells were outlined.  
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Chapter 3: Bending Active Timber Gridshells 
 
3.1 Introduction 
1. Following the broad outline of the gridshell from given in chapter 2, this 
chapter will focus on bending active timber gridshells made from solid 
timber. 
2. The distinction between solid and engineered timber is examined.  
3. Three built examples are examined detail. The processing of the raw 
material, the construction process problems and jointing are described. 
4. Lastly the stiffness of single and double layer assemblies are compared. 
 
3.2 Important Issues and Recent Developments  
Timber gridshells, while not in common use, have been used more in recent decades. 
In parallel with the development of timber gridshells there has been a dramatic 
increase in the utilisation of engineered timber (see below) in structures generally  
(Toussaint 2007). As noted above, double curved structures can more easily be 
created using a gridshell form (as distinct from a continuous shell form). In Figure 2-
6 and 3-6 the Mannheim Multihalle gridshell is shown. The Mannheim gridshell, 
built in in 1975, and made from solid timber laths, was the first large scale timber 
gridshell to be built in Germany. This was built flat on the ground using solid timber 
laths and then pushed upwards into position, while the Downland gridshell 
(described later) was built on a higher platform and bent downwards. Therefore both 
of these gridshells are bending active gridshells. 
 
The Mannheim structure was designed as a temporary structure and intended for use 
over only one winter and one summer, but it is still use in 30 years later (Toussaint 
2007). In spite of the achievement of the Mannheim gridshell, timber gridshells were 
not used very often in the decades immediately after Mannheim. Smaller scale 
experimental gridshells were built in some universities. 
 
The labour-intensive nature of the construction process for some gridshells (as 
described in sections 2.3 and 2.4) has made gridshells less common. To design and 
form the grid structure can be quite challenging. However computer design methods 
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including iterative design procedures which can handle non-linear problems, have 
been well developed in recent years. In contrast with the Mannheim gridshell where 
physical modelling was used as a design aid, 25 years later computer technology was 
used extensively in developing the design for the Weald and Downland open air 
Museum in Sussex in UK. 
 
As previously described bending active gridshells are achieved by laying out a flat 
mat of continuous timber laths in two directions. The laths are connected at the 
intersection by pin connections. As the mat is deformed into a doubly curved surface 
the angles of intersection between members change. That is why the joints must 
initially be pinned, to allow this change in angle to occur. Thus a grid that begins as 
a grid of rectangles becomes a grid of rhomboid shapes. After the final surface form 
is established the laths are fixed at the edge boundaries and the nodes are tightened. 
Diagonal bracing can now be added (before tightening the nodes). This creates a 
rigid grid of triangles with much greater in-plane stiffness and also provides 
additional load paths to distribute concentrated loads and share the load throughout 
the gridshell structure. 
 
The essential requirement for timber used in bending active gridshells is that it can 
be bent without too much effort while having enough capacity to resist the loads and 
permitting a reasonably straightforward construction process in regard to lifting and 
jointing etc. Timber is a light weight material, and it can be bent relatively easy if 
small section sizes are used. Furthermore as explained above, by using multiple 
layers, enough strength to resist applied loads on long spans can be achieved. 
 
3.3 Types of Timber  
Two subcategories will be considered for timber used in gridshells: solid timber and 
engineered timber. 
 
3.3.1 Solid Timber (Hardwood/Softwood)  
Solid timber is one piece of hardwood or softwood cut from a tree. It may be 
processed for size, shape and moisture content and then selected for structural use. 
Timber is graded based principally on the number, type and distribution of natural 
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defects and grain regularity. In machine grading, stiffness may be measured directly 
as an indicator of potential strength. This grading itself results in the rejection of 
much material as unsuitable for structural use. Even timber graded for structural use 
may contain many defects knots, and cracks. If timber is used in a bending active 
gridshell, long defect free lengths of small section size are required for the reasons 
explained above. For example, in the Savill Garden gridshell (described below) the 
solid timber structural elements had many defects. Therefore, all the laths had to be 
processed. The defects in the laths were located using a scanning device. The defects 
were cut out resulting in very short defect-free lengths of about 600mm, and it took 
around 10,000 joints to re-join the processed pieces into usable lengths. This process 
was costly as it took around a year for the strips to be selected and prepared 
(Toussaint 2007).        
 
3.3.2 Engineering Timber  
Solid timber has many advantages as a structural material. It is light, relatively 
strong and it is a renewable resource when properly managed. However there is a 
high rejection rate involved in selecting solid timber sections suitable for structural 
use. Furthermore even after selection by grading, there are significant natural 
variations in properties in any batch of timber and some defects remain. This results 
in the use of relatively high factors of safety in design to allow for the lowest 
probable strength and stiffness in any one piece used in a structure. There are 
limitations on the maximum available size and quality of solid timber. Furthermore, 
defects such as knots have a disproportionate impact on elements of small cross 
section because the defects do not scale down with the section size.  
 
Engineered timber was created to address these and other limitations of solid timber. 
The main goals of engineered timber are to avoid or minimise the impact of natural 
defects, to reduce variation by combining many particles or pieces in a single 
structural element and to allow elements of larger cross section to be built up from 
smaller sections.  Engineered timber is made up of layers or particles of wood 




There are many types of engineered timber. Plywood and OSB are sheet materials. 
Where a sheet product is layered, layers may be alternately oriented at ninety degree 
angles to create a product with similar strength in 2 directions at right angles, such as 
in plywood. 
 
Glued laminated timber (glulam) is usually manufactured as long elements for use as 
beams or columns, Laminated veneer lumber (LVL), Cross laminated timber (CLT) 
and Parallel strand lumber (PSL) are other forms of engineered timber. Laminated 
timber combines individual layers typically of 25mm to 50mm thickness to create 
sections larger than any natural tree sections. Because defects are randomly 
distributed in layers no one defect impacts significantly on the overall section. 
Furthermore since every section is composed of multiple pieces of solid timber, the 
average strength of any section is closer to the average for the species and grade. 
Therefore a higher design strength and stiffness can be used, closer to the species 
and grade average than is possible using solid sections of similar size. Further 
enhancement in design properties may be achieved by using higher quality raw 
material in those parts of the section where stresses are highest. In this way sections 
can be custom designed for individual applications rather than relying on the natural 
properties as provided by nature in a solid timber section. For long structural 
elements, individual solid timber lengths that make up a single layer can be joined by 
using a modern technique called finger jointing (figure 3-1 A&B).     














The lengths are notched at their ends with a series of “v” cuts. The individual lengths 
are then joined together by spreading glue on the matching surfaces and pushing the 
notched surfaces tightly together. This generates a larger surface area for gluing and 
also means that tension forces in the layer are resisted mostly in shear at the glue 
line. Glued joints are much stronger in shear than in direct tension. 
 
Oriented Strand Board (OSB), in contrast to glue laminated timber or plywood, does 
not use planks or layers of solid timber. It involves shredding the solid timber into 
small flakes, mixing with adhesive and pressing the mixture into large sheets of 
thicknesses ranging typically from 8m to 18mm.  
 
3.4 Advantages of Engineered Timber for Gridshells 
It is not claimed that OSB is the best available engineered timber for use in 
gridshells. But it is an engineered timber product and for the reasons outlined in 
chapter 1 and noted above in more detail, it should allow some of the benefits of 
engineered timber to be demonstrated. The generic advantages of engineered timber 
as described above apply when it is used in gridshells. Thus higher design strengths 
closer to the mean strength of the raw material are achievable. Individual defects 
have very little impact on the finished structural element as they are either 
fragmented and distributed in the case of sheet materials or distributed randomly in 
different layers in the case of laminated products. 
 
The cost of forming mechanical joints in solid timber has previously been noted. The 
need for jointing arises firstly because of the limitations on available length for a 
natural solid timber log. Secondly where significant defect free lengths of small 
cross section are needed, as in bending active gridshells, natural solid timber cannot 
satisfy this need. Thus as noted above in the Savill garden gridshell defect free 
lengths were of the order of a mere 600mm long. This difficulty is, in principle, 
overcome in engineered timber as the only limitation on element length is the 
production process and transport. Thus OSB panels can be manufactured and 
transported easily in 12m lengths. 
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For larger span gridshells the need to use multiple layers each composed of members 
of small cross-section has been noted and explained. In this connection the 
availability of engineered timber made up of small particles can overcome the 
problem of defects in members of small cross section. Particle boards, such as OSB, 
are made up from very small flakes of timber and therefore even in an OSB section 
only 8mm thick the defects are thoroughly fragmented and randomly distributed 
throughout the product. This makes OSB a particularly suitable product for 
consideration for use in gridshells. 
 
It could be suggested on grounds of density, uniformity and available range of 
product that plywood (cut into strips) might be a more promising candidate for use in 
gridshells. It is acknowledged that this may indeed be the case. However one of the 
aims of this study was to investigate the possibilities for using engineered timber 
made from Irish softwood in a demanding structural application. The rationale here 
is, if possible, to extend the application of Irish softwood timber into areas for which 
it would normally be considered unsuitable. The only engineered timber product 
made in Ireland and from Irish material is OSB. Irish OSB is distinctive not only in 
using Irish timber as its raw material but it uses parts of the tree not normally used 
structurally. It is therefore particularly attractive in terms of its sustainable character 
in that it uses waste timber from sustainably managed forests: hence the choice of 
this particular product for this study. 
 
3.5 Jointing and Forming Timber Gridshells 
3.5.1 Joints: The Downland Gridshell  
The potential of engineered timber to reduce the number of expensive joints in 
timber structures has been referred to above. 
 
In the Downland gridshell which is made using solid timber (not engineered timber) 
the laths which were provided in 6m lengths were joined using scarf joints with a 
slope of 1:7 (Harris et al. 2003). This slope gives the scarf joints a large glue area 
similar to that for the finger joints. Figure 3-2 shows the on site construction of a 




Figure 3-2: Scarf joints engineering timber (Harris et al.2003) 
 
Finger jointing is a fairly recent timber joining technology, whereas scarf joints had 
been used for centuries. Among the 10,000 joints in the Downland structure, there 
were approximately 145 breakages during the forming process. These failures were 
caused by the tight curvature (a particular design feature of the Downland 
architectural design), the tension between the two gridshell layers and dry joints. In 
contrast to the issues encountered on the Downland solid timber gridshell, it is 
suggested that for timber bending active gridshells, engineered timber offers an 
opportunity to significantly reduce the number of site joints and virtually eliminate 
breakages that result from local defects. The jointing arrangement in the Downland 
solid timber bending active gridshell may be compared with the joint detail used in 
the Hamburg Museum Courtyard gridshell. In this steel gridshell structure the joint is 
made by bolting. The steel members were cut to half the depth (30mm)  near the 
joint (Schlaich and Schober 1996). A joint node with four short arms allows the four 






 Figure 3-3: The joint connection in steel gridshell (Schlainch and Schober 1996) 
 
While the connection on the steel gridshell is very simple, it did make the section 
weaker at the connection area (Schlaich and Schober 1996). This relatively severe 
local reduction in section would not be good practice in small timber sections, 
 
3.5.2 Forming: The Savill Garden Gridshell 
Timber is a light weight material (Toussaint 2007). It is relatively flexible and, with 
adequate consideration and appropriate selection, it can be bent relatively easily on 
site to create curved shapes with enough capacity to resist design loads after 
construction. In most timber gridshells the grid structure was bent from an initially 
flat arrangement by pushing upwards on the interior or downwards on the boundaries 
until the required shape is achieved. The laths are bent and twisted as the desired 
shape is approached.  
 
In the Downland and Mannheim gridshells, the two layers were formed 
simultaneously while allowing sliding between the layers. For the Savill Building, 
the gridshell was assembled lath by lath on top of formwork, which followed the 
profile of the required target shape. Once a single layer was formed (Figure 3-4a) the 
shear blocks were screwed into position (Figure 3-4b). The second layer laths were 
positioned over the shear blocks and screwed into place. This technique enabled 
greater spacing of the layers yielding a deeper, stronger and stiffer structure than 
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achieved on previous gridshells. This method was controllable and simple; it 














Figure 3-4: Gridshell construction, (a) single layer formed in-situ, and (b) shear blocks screwed on top of first 
layer to receive the second layer (Harris and Roynon 2008) 
 
The gridshell roof over the Hamburg Museum Courtyard is 50m long. It consists of 
two single curved barrel vaults linked with a dome (Schlaich and Schober 1996). 
Barrels and domes were predominantly built out of masonry and concrete in the past. 
Here the shells were made up quadrangular grid elements and built out of steel. A 
number of innovative features were necessary to ensure transparency, efficiency and 
good structural behaviour, requiring strong technical background and expertise 













Figure 3-5: The two strategies of shaping steel gridshell (Schlaich and Scholber 1996) 
 
Since this roof structure was one of the first modern steel-glass gridshells, form-
finding and development was still at an early stage. Jörg Schlaich had just recently 
started developing the principle of the gridshell based on the common kitchen sieve 
implemented for the Aquatoll swimming complex in Neckarsulm, the project that 
lead to the courtyard roof (Holgate 1997). However, important questions such as 
creating a dome mesh with planar quadrangular elements were not resolved at that 
time. These issues were resolved on later projects based on the experience gained 
through this project. 
 
The intuitive understanding of the behaviour of individual components, as well as 
the interaction between them was essential to create such an innovative structure, 
especially since analysis and design software packages still did not allow for 
convenient ways to fully analyse the structure (Grimble 2017). 
 
3.6 Gridshell Example Projects: 3 Detailed Accounts 
3.6.1 Multihalle Mannheim 
In the Federal Republic of Germany a garden show is held every two years 
(Toussaint 2007). In 1975 the garden exhibition was held in the Mannheim area. Frei 
Otto and Arup engineered a gridshell structure to cover a large open space, 
uninterrupted by columns in order to allow the area to be used for diverse activities. 
The required geometry of the gridshell was investigated using hanging chain models 
(Burkhardt et al 1978). This method relies on the fact that a structure made of chains 
or cables when subjected to load will change its geometry and adopt a shape that 
supports the load while resulting in only tension forces in the cables or chains. For 
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the same load arrangement, if this structural geometry (e.g. a hanging cable) is 
inverted (becoming an arch) it will support the same loads but now with only 
compression forces. The inverted structure is called the funicular form for a given 
load arrangement. The gridshell project was very complex and used many joints, in 
order to connect the various exhibition halls together. Mannheim included many 
exhibitions, entertainment, concerts, theatre and sports events (Figure 3-6A). Figure 











      Figure 3-6: Multihalle in Mannheim, Germany, (a) Arial view and (b) Inside view of the Multihalle 
(Burkhardt et al 1978) 
 
The shape of the Mannhiem gridshell was designed as a continuation of the garden 
landscape. The gridshell was covered by 3600 m2 of PVC coated fabric. The 
longitudinal span was 85m. The gridshell was built as a double layer of solid timber 
laths. The gridshell structure required 72,000m (72km) of laths. In addition, the 
structure was supported by four kinds of edge supports: concrete foundations, cables, 
laminated timber beams and arches. Mannhiem gridshell was tested by hanging dust 
bins each filled with 90 litres of water on every ninth node. The maximum deflection 
was measured and the safety factor against collapse was validated proving the 
gridshell a safe and serviceable structure (Burkharddt et al 1978).  
 
As noted above this gridshell structure was designed with the aid of physical 
modelling. Initially, a wire model was made as a first approximation. Secondly, a 




the initial geometrical data on the joints (Figure 3-7). Figure 3-8 shows the model 
made with nodal rings and links. The model mesh represented the full scale structure 
as 1.5m mesh. In order to avoid inaccuracies resulting from support shrinkage or 









Figure 3-7: Hanging model (Burkhardt et al 1978)  
Figure 3-8: Detail of the model (Burkharddt et al 1978) 
 
The shape and geometry of the gridshell were determined from physical models. The 
coordinates of the nodes of the hanging chain model were established by taking 
stereo photographs. However, because of the inaccuracies of the hanging chain 
model a mathematical model for funicular forms was also developed to improve the 
accuracy of the hanging chain model, by examining equilibrium of forces at the 
nodes (Happold and Liddell 1975). When large deviations between models occurred, 
adjustments were made to the geometry of the hanging chain model. Therefore, the 
data required for production and erection was derived (Toussaint 2007).  
 
In 1962 Frei Otto had designed and erected a small experimental timber gridshell 
known as the Essen gridshell. As part of the investigations for the Mannheim 
gridshell design, Arup conducted tests on a model of the Essen gridshell (Toussaint 
2007).  These tests were executed to gain knowledge of the deformation behaviour of 
gridshells. The structural stability of the Mannheim gridshell was analysed by Arup. 
This analysis revealed that the lath size would have to be increased to 100mm x 
100mm to provide adequate resistance to buckling. However, this would cause 
problems with forming the gridshell, as more force is required to bend laths that have 





bending flexibility would be maintained during construction and sufficient out-of-
plane bending strength would be provided by the introduction of shear blocks and 
tightening of the nodes after forming to lock the two layers together. Local wind and 
snowfall records determined the design imposed load. A 1:200 scale model of the 
structure was tested in a wind tunnel to determine the wind load distribution 
(Toussaint 2007). 
 
Western Hemlock timber was chosen for the gridshell material because it was 
available in long lengths with a relatively straight grain. This timber is a native of the 
western coast of America and can reach heights of 60m and 2m – 2.5m in diameter. 
The timber is non-resinous and pale brown in colour. Timber strength and stiffness 
varies directionally and with moisture content. Some properties are time dependent. 
Therefore, short-term and long-term tests were carried out to determine the design 
strength and stiffness properties of the timber (Toussaint 2007).  
 
The laths were prepared into lengths of 30m to 40m by finger jointing in a factory. 
These finger joints were 20mm long with a 6mm root. This joint design proved 
problematic in practice as a significant number of these finger joints broke on site 
during handling and bending during erection. On site, the long laths were joined 
using lapping pieces 50mm x 25mm. This method was also used to repair the broken 












             Figure 3-9: Lapping pieces used to join and repair laths on site (Toussaint 2007) 
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3.6.2 Weald and Downland Gridshell 
The Weald and Downland gridshell was built in the UK in 2002 (Toussaint 2007). 
There are 45 historical buildings in the museum complex.  Many of these buildings 
were disassembled and recovered from other sites and rebuilt there. The Weald and 
Downland gridshell is an example of a modern rural building, and also is a study in 
practice for the sustainable use of UK grown timber. The basement of the building 
was dug into the hillside and houses the conservation store. The Weald and 
Downland structure workshop was located on the ground floor and covered by a 
gridshell roof structure (Toussaint 2007). The workshop shown in Figure 3-10 is 
situated on the ground floor and is roofed by the gridshell. Viewed from above, the 










Figure 3-10 :( a) Interior and exterior (b) views of the Weald & Downland gridshell (Toussaint 2007) 
 
The gridshell is 48m long and between 11m and 16m wide. It has an internal height 
of 7m at the valleys and 10m at the crowns. The grid is built up in four layers out of 
50mm x 35mm oak laths. Similar to the gridshell in Mannheim, this gridshell is also 
a double layer gridshell, to provide good out-of-plane stiffness and strength. The grid 
spacing varies across the gridshell; it has a spacing of 500mm in areas of high stress 
and 1000mm in other areas. Originally, the grid spacing was to be 500mm 
throughout the entire structure but upon examination of the forces and stresses by 
computer analysis the spacing in certain areas was increased to 1000mm. This saved 
construction time and reduced costs significantly. Shear blocks are screwed between 
the layers. The stability of the structure is increased by applying diagonal bracing 




transversely on the top of the structure. The advantage of this bracing method is that 
they also provide support for the cladding boards. The cladding is made up of three 
elements, a RoofKrete covering sloping up and down, hump-to-hump along the 
building, a polycarbonate glazing that covers the area directly below the RoofKrete 
and the remainder of gridshell is clad with western red cedar boards (Toussaint 
2007).  
 
3.6.3 Savill Garden Gridshell 
The Savill Garden gridshell opened in June 2006 in Windsor Great Park (Toussaint 
2007). It has become the main gateway to the Royal Landscape centre (Figure 3-11). 
The gridshell structure itself was formed to house various facilities such as 
information desk, shop, bar, restaurant, kitchen and toilet. The building is designed 
by Glenn Howells Architects. For the engineering and realisation, the same companies 
as the Weald and Downland gridshell were contracted: Buro Happold and The Green 
Oak Carpentry Company.  It was built in three years at a cost of around 8.3 million 
Euro. The surface of the roof structure is symmetric about the long axis, and extends 
longitudinally in both directions on either side of a central dome. The dimensions of 
the roof structure are 98m long, 28m wide and 4.5-8.5m high (Toussaint 2007). The 
gridshell structure consists of double layers of laths with a mesh size of 1m. The 
laths are 80mm wide and 50mm high. Shear blocks of dimension 80˟120˟300mm are 
used in the gridshell structure, in order to connect the two layers together and ensure 
composite action between the layers for best strength and stiffness. Thus, a long span 
structure with a structural cross section of only 220mm deep is created. Different 
timber species were tested, in order to find the right timber for the grid structure.UK 
larch was the most suitable material for the Savill Garden gridshell structure. Larch 




 Figure 3-11: The Savill Garden gridshell (Toussaint 2007) 
 
The versatility and elegance of bending active gridshells may be appreciated in these 
three examples. The need to use multiple layers is also apparent in all three 
examples. The development in design methods from physical models towards 
computer based methods can also be seen. The challenges posed by the use of solid 
timber are also apparent. 
 
3.7 OSB in Bending Active Gridshells 
While some bending inactive laminated timber gridshells have been made, they 
cannot readily be made from solid timber because of the jointing difficulties noted in 
chapter 2. In contrast a number of bending active gridshells have been constructed 
such as the Multihalle in Mannheim, the Weald and Downland Museum, and the 
Savill Garden centre. Remarkably, the majority of bending active gridshells are 
constructed from solid timber (Collins et al. 2015). There are many natural defects in 
solid timber such as knots, splits and grain discontinuities. These, become critical 
when using the small sections required for bending active gridshells.  
 
The above account of bending active gridshells and timber bending active gridshells 
in particular explain why an ideal timber material for use in bending active gridshells 





• It would be available in long defect free lengths 
• It would be sufficiently strong and stiff to carry significant loads 
• It would be sufficiently flexible to be capable of being formed into a double 
curved surface from an initially flat grid with modest forming forces and 
without inducing excessive stresses due to the forming process  
• Multiple layers would be capable of being joined after forming to create a 
composite structure of significant strength and stiffness. 
• In addition to these requirements the desirability of finding structural uses for 
Irish softwood, principally Irish Sitka Spruce was an important motivation 
for this study. 
 
With all these requirements in mind, Irish Orientated strand board (OSB) was chosen 
to investigate the feasibility of its use in bending active gridshell structures, noting 
the relatively low cost of this Irish engineered timber product (Collins et al. 2015). 
Irish OSB is made from Irish softwood timber which is fast-growing because of the 
temperate Irish climate. Irish softwood in its natural form is, therefore rather soft and 
therefore not very strong. It is also rather “knotty”. In solid form most Irish softwood 
timber is of a low grade for structural use and there is a high rejection rate during the 
grading process.  However OSB not only uses this soft Irish timber as a raw material 
but it uses parts of the tree that would otherwise be discarded. The OSB finished 
product is relatively flexible, reasonably strong and is free of natural defects and is 
therefore potentially suitable for use in gridshell structures (ibid). 
 
Collins compared OSB and solid timber in order to determine the optimum 
properties that make a material suitable for use in bending active gridshells (ibid). In 
solid timber materials, the stiffness is used as indicator for strength and engineered 
timber is no different. Thus, low stiffness means low strength. OSB, although made 
from a raw material that has relatively poor structural properties (stiffness and 
strength) in engineered form it offers the potential of adequate stiffness and strength 
for use in bending active gridshells when arranged in multiple layers. The use of 
multiple layers promises that tight radii of curvature can be achieved as each layer is 
deformed independently before locking together with shear blocks. 
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3.7.1 Quantifying Material Suitability for Bending Active Gridshells 
A member in a bending active gridshell must be capable of being curved by modest 
force. Therefore it cannot be too stiff. However it must also have good strength since 
the forming process stresses must be added to the stresses from external loads on the 
finished structure. Therefore the ideal material for use in bending active gridshells 
would have low stiffness and high strength. 
 
The ratio between bending strength and Elastic modulus (E) is, therefore,  a good 
indicator of material suitability for timber gridshells (Collins et al. 2015). Therefore, 
a higher ratio of bending strength ƒm to the elastic modulus E is most suitable. As 
Collins has shown, in terms of ƒm/E ratio, OSB is a more suitable material for 
bending active gridshell than many softwood solid timbers (ibid). However for large 
spans, a structure with a high stiffness is also required.  The solution to this issue is 
to increase the number of layers used in the final structure. The final multi-layer 
structure is formed with single layers, which are then locked together by nodes and 
shear blocks, to give the final structure great strength and stiffness.  
 
3.7.2 Multi-Layer Stiffness 
The gain in stiffness achieved by locking individual layers together so that they act 
as a single structural unit may be examined. The section is analysed as two single 
layers and as one double layer. Figure 3-12(a) shows a rectangular section of 50mm 
wide and 8mm thick. The stiffness (Moment of Inertia) may be quantified for three 
cases: 1) two individual single layers (Fig. 3-12(a) x2), 2) Two layers spaced apart 
with shear blocks to enforce compatibility of strain at the interfaces (Fig.3-12(b)) 
and 3) A fully solid section equal in depth to the double layer assembly (Fig. 3-
12(c)). The comparison shows that the double layer composite section is almost as 
stiff as a full solid section and is 13 times stiffer than two single layers acting 




   
Figure 3-12: Dimension of gridshell single & double layers 
 
Composite action implies that the combined unit acts like a single element. Thus 
when it is bent the pattern of stress and strain should be as close as possible to that in 
a single solid element of similar depth. This can only happen if the shear blocks 
between the two layers are intimately joined to both layers with as little slip as 
possible at the interfaces. If this is achieved the composite element will approach the 
stiffness of a solid section. A parameter, Cs is a measure of the degree of slip at the 
top and bottom of the shear blocks. This study seeks to measure this parameter by 
studying the stiffness of double layer assemblies under transverse load. 
 
3.8 The Effect of the Moisture Content in Single and Double Layers 
Gridshell 
Because timber is a natural material, the variability of its properties is very large. In 
order to use timber in building, it has to be stress graded. Timber is controlled during 
its processing to obtain a product with reliable mechanical properties. Thus, many 
properties have been measured in different species of timber product such as, 
moisture content, stiffness, strength, and shrinkage. The moisture content influences 
the strength and stiffness in bending specimens (Madsen 1975). An increase in 
moisture content means a decrease in strength and stiffness (ibid). Climate and 
exposure have various effects on the moisture content in timber structures. 
According to some research in (1964) that the moisture content in built timber 
structures varies with the meteorological data in different locations in Europe 
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(Morlier 2004). Table 5-5 shows the variation of the maximum and the minimum 
moisture content in timber in buildings in Europe. 
 
Location Maximum % Minimum % 
Stockholm 20 14 
Helsinki 20 14 
Oslo 18 14 
London 20 14 
Paris 20 14 
Berlin 20 14 
Madrid 16 8 
Rome 14 12 
Cairo 14 12 
 Table 3-1: The moisture content in different location in Europe (Morlier 2004) 
 
The moisture content inside the buildings depends on the climate outside and the rate 
of ventilation. So, the external and internal climate has various effects on timber 
materials over time (ibid). Short term climate changes have little influence on the 
structural behaviour of timber compared to long term changes. In the current 
research humidity levels were carefully considered in all the short term tests. So, all 
double layers beams were conditioned at the appropriate humidity of ( )565 ± % and 
a temperature of )220( ± 0C (EN323, 1993). 
 
3.9 Summary 
Timber gridshells are sustainable structures being constructed from a renewable 
resource. They are lightweight. They are structurally efficient being of shell-like 
form. Construction procedures and analysis techniques are now relatively well 
developed. Timber gridshells, while not in common use, have been used more in 
recent decades. Bending inactive gridshells can be assembled by joining pre-curved 
members together. Bending active gridshells are achieved by laying out a flat, pin 
jointed mat of continuous timber laths. The mat is deformed into a doubly curved 
surface. Therefore members’ section sizes must be small for flexibility. The flat grid 
of rectangles becomes a curved grid of rhomboid shapes: hence the need for pin 
joints. Bracing can be added for greater in-plane stiffness. 
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Physical modelling used in early timber gridshells has been superseded by computer 
modelling. Existing gridshells have illustrated that gridshells are versatile and can 
accommodate a wide variety of architectural forms and finishes. However, the 
timber precedents studied were relatively expensive because considerable processing 
was required to obtain long defect free lengths of timber. A deeper structural section, 
and hence a stronger and stiffer section, can be achieved by combining multiple 
layers, each layer formed into shape individually before joining. This allows flatter 
forms to be achieved (e.g. Savill Garden) which in turn requires less curvature and 
hence less risk of over-stress and fracture during forming. Engineered timber 
promises to be especially suitable for use in bending active gridshells because 
defects are fragmented and the only limitation on element length is the production 
process and transport. Irish OSB is a highly sustainable and cheap engineered timber 
product that meets many of the requirements for use in gridshells. 
 
The ideal material for use in bending active gridshells would have low stiffness and 
high strength. As Collins has shown, in terms of ƒm/E ratio, OSB is a more suitable 
material for bending active gridshell than many solid timber softwoods. However for 
large spans, a structure with a high stiffness is required.  The solution to this issue is 
to increase the number of layers used in the final structure. The final multi-layer 
structure is formed with single layers, which are then locked together by nodes and 
shear blocks, to give the final structure great strength and stiffness (Collins et al. 
2015). Hence Irish OSB can unlock the potential of a relatively low-grade natural 








Chapter 4: Analysis and Design of Bending Active Timber Gridshell 
In structure design, the optimum shape is the shape that optimises structural 
performance: low stress, minimal material use, low deflection in service. For the 
Architect, aesthetic criteria and functionality will be most important in choosing an 
optimal shape. Thus the Architect’s and Engineer’s idea of “optimal” may not 
coincide. There may be a conflict between the desired shape and a shape that is in 
equilibrium with the applied forces, including the forces that arise from the shaping 
process itself. From the precedents studied above it can be seen that in bending 
active timber gridshells structural considerations will always be central (Toussaint 
2007) and may constrain Architectural ambition. To design timber gridshell, there 
are many methods that are used to find a satisfactory shape. Some of these methods 
will be elaborated in section 4.1.  
 
4.1 The Procedures for Finding the Form 
Form finding may be applied in many contexts. It is used to find an optimum 
solution to a design problem, subject to some principle or criterion.  Optimization 
can be performed in various ways. In mathematics, optimisation may be performed 
with respect to some objective function, for example a cost function that may involve 
materials and labour. Classical methods such as linear programming are examples of 
optimization methods. A form finding method is related to structural optimization. 
For example, the optimum form may be defined as the form that uses the least 
material while satisfying strength and stiffness. There are different techniques for 
finding this optimum such as physical models and computational methods. Physical 
modelling is less complex than computational methods (Toussaint 2007).        
 
4.1.1 Physical Modelling 
Nature arrives at optimal shapes in natural structures. Thus a tree, which is an 
assembly of cantilevers, is thicker at the base where the bending moment is greatest. 
With minimal use of energy and material, nature has developed structural forms to 
transmit the applied forces (Toussaint 2007). Figure 4-1 shows some examples of 
highly efficient natural structures including soap bubbles, a spider’s web and 
radiolarians. A good example of physical from finding occurs in cable structure and 
fabric membranes. In nature examples include the spider’s web and the soap bubble. 
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When tension structures are loaded they adopt a unique shape to establish 
equilibrium with each pattern of applied loads. In general this optimised shape is not 
known beforehand (Lewis 2003). The structure adopts itself to resist the load in the 
best way, minimizing the energy needed to support the applied load. Pantyhose 
fabric is a flexible tension-only material that can be stretched easily and used to 
physically model tensile fabric structures (Toussaint 2007). The soap film adopts a 
minimal potential energy surface between rigid supports. So, the soap film is also 






     
            
Figure 4-1: Structures by nature. A spider’s web, soap bubbles (Toussaint 2007) and a radiolarian23 
 
In designing and simulating construction processes for early gridshells, physical 
models proved invaluable. A good example of the utility of physical models in 
bending active timber gridshell design and construction is the Downland gridshell 
(Harris et al. 2003). The initial model was built as a three dimensional form with 
scale 1:100, in order to illustrate the structure to the client and the design team 
(Harris et al. 2003). Some engineering principles can be shown by this simple model 
also (ibid). The first engineering use of the model was to simulate the formation of 
the gridshell structure from a flat rectangular mat into a complex three dimensional 
form by imposition of the boundary condition. In addition, the model showed the 
effect of the bracing on the stiffness of the structure. Bracing was modelled using 
cotton line tension elements. Eventually, oak lath bracing (timber bracing) was 
adopted, rather than steel cable for the structural bracing (ibid). In Downland, the 
timber bracing offered many advantages over steel cable. The steel cable can only 
act in tension, and therefore any rhomboid shape needs two cables running 
orthogonally whereas only one diagonal timber bracing lath is required since the 
timber can carry both tension and compression. In figure 4-2 the final shape of 
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gridshell is shown which consisted of longitudinal rib laths running along the sides 
of the structure and picking up the cladding, whereas on the rib laths (bracing) were 









   Figure 4-2: Scale 1:100 wire mesh model with rib-lath bracing 
 
The physical model was also used to explore the procedure for the actual lowering of 
the gridshell structure. Many adjustments were made to the planned sequence using 
the  physical model (Harris et al. 2003). The effect of adjustments to the gridshell in 
one position on other areas was apparent from the accurately scaled wire mesh 
model. The physical model could be used to minimise problems on site as all 
adjustments to the structure until the final shape of the structure was reached could 
be simulated on the physical model. (ibid). 
 
4.1.2 Computational from finding: 
Computational form finding is defined as a numerical optimization process 
(Toussaint 2007). To determine an optimum solution (geometrical form) for a 
structure is a problem in numerical optimization. In bending active gridshells, as the 
deflection increases, the structure displays geometrically non-linear behaviour, 
which means the deflection is not linear with respect to its loadings. The nonlinear 
problem cannot be solved with regular mechanical formulae, but it can be solved by 
iterative calculation processes.  
 
The bending active gridshell problem is by nature non-linear, because as it deforms it 
becomes more flexible. The initial shape of the structure is the start point of the 
optimization process. The numerical algorithms are based on the mechanics of 
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structure expressed as equations of equilibrium and compatibility of deformation. 
The geometry of the structure is adjusted from a first “guess” or estimate until the 
static equilibrium position for each node is found (ibid). The computational model of 
the structure outputs the structure shape, stress and deformation for a given load 
arrangement (Lewis 2003). The iterative steps in finding the equilibrium form may 
be numerous, especially when the designs are complicated. Computer technology 
makes it possible to perform the thousands of calculations required in a matter of 
minutes. 
 
4.1.3 Dynamic relaxation: 
One iterative form finding process is  dynamic relaxation [DR] (Toussaint 2007). 
This process involves the use of artificial springs which pull the structure gradually 
towards the desired final form or target shape. The structural mass is assigned to the 
nodes. The nodal masses fluctuate around the initial position under the influence of 
the spring forces and pre-stress forces. At each step new node positions are 
calculated and the springs are released. The masses eventually come to rest in an 
equilibrium position. The process is stabilised and accelerated by using artificial 
damping (Lewis 2003). The velocities are set to zero and the calculations are 
restarted, when a peak in total kinetic energy is reached. These peaks gradually 
decrease and the process is repeated until all vibrations have been dissipated and 
static equilibrium is reached (Barnes 1999). For a bending active gridshell, the final 
equilibrium position will only approximate the desired final form. Nature has the last 
word. 
 
DR has some advantages over matrix methods such as the force density method. 
Matrix manipulations are not needed, thus the computer CPU can save time 
(Toussaint 2007). In general, less total CPU time is required for DR compared to 
matrix methods. Additionally, dynamic relaxation provides a solution to the non-
linear problem, and also shows high numerical stability. Therefore, dynamic 
relaxation is becoming the preferred method for successfully modelling pre-stressed 
cable nets and membranes (Lewis 2003). In figure (4-3) an example of a project 
designed with the aid of DR is shown: the British Museum Great Court roof, 
designed by Chris Williams. Williams is known by writing his own small 
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Figure 4-3: British Museum Image (Lewis 2003) 
Figure 4-4: Computer image of the British Museum (Toussaint 2007) 
                                           
4.2 Material and Section Properties Required to Carry Out the 
Analysis & Design 
Certain material and element properties are a precondition for use in gridshell 
structures, especially bending active gridshells whose form, construction process and 
performance is entirely based on material behaviour. Bending active gridshells can 
be created from different materials such as timber, steel, CFRP or GFRP. In bending 
active structure such as gridshells, the stiffness and strength are the indicators of its 
material suitability: the members  must bend easy without fracture of inducing 
excessive stress (Collins et al. 2015). Therefore, a material with a low stiffness and 
high strength (fm/Em) ratio is required for bending active gridshell structures. The 
modulus of elasticity affects the force induced by forming a bending active gridshell. 
A material with low elastic modulus is easy to bend without much force until the 
curvatures required by the design are reached, without fracture (ibid).   
 
A multi- layer gridshell is usually modelled computationally as a single layer 
gridshell of equivalent stiffness. This means an equivalent moment of inertia for the 
composite structure must be input to represent the stiffness of the multi-layer 
structure. This value will depend critically on the degree of slip between shear block 
and layer laths.  Can the interfaces sustain the shear stresses required to enforce 
composite action? The parameter Cs is a measure of the extent to which this 
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composite action is enforced. Id Cs = 0, there is no composite action. If Cs =1 the 
fullest possible composite action is happening. Therefore Cs must be established to 
model a double layer bending active gridshell. 
 
4.3 Summary 
The analysis of bending active gridshells is focused on predicting the geometry and 
predicting the stress stages that a material will undergo as it is gradually bent into the 
desired shape. The initial scheme geometry desired by the Architect and the final 
design form of a gridshell are usually not identical. This may result, in bending 
active shell gridshells being regarded as less desirable by some Architects. There are 
many methods used in gridshell design, in order to find a satisfactory final shape. 
Physical modelling is one technique to find the optimum form of a structure. 
Computer-based form finding is another technique for optimising structural form. 
Computer technology may save time during the design and construction process by 
allowing many forms and construction scenarios to be simulated in advance. Finally, 
dynamic relaxation is a preferred computer-based form finding process for many 
structural shape optimisation problems. The main aim of dynamic relaxation is to 
provide a solution to a non- linear problem, and it shows high numerical stability. 
Suitable material properties are required as a precondition for designing and 
constructing gridshell structures. Gridshells can be created from different materials 
and each material will have its own behaviour which will influence the forms that the 
final gridshell can take. The degree of composite action between individual layers in 
a multi-layer gridshell must be established or estimated to allow computer modelling 
to proceed.  
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 Chapter 5: Theory of Beam Bending 
 
A beam is a structural element that is spanning between one or more supports subject 
to transverse load. It is commonly used to support vertical load such as roofs or 
floors. Beams may be simple, cantilever, continuous, or combined. The account 
given here is derived mainly from (Hibbeler 2013). This research will focus on the 
engineering beam theory that is related to this research.  
 
5.1 Beam Formation    
The beam structure is stressed and deforms, when a load is applied to it. If a 
horizontal beam is supported at the ends and loaded by a vertical load at the middle, 








                                                                              
Figure 5-1: Beam bending behaviour 
When the beam is bent by the action of downward transverse loads, the fibres near 
the top of the beam contract in length whereas the fibres near the bottom of the beam 
extend. Somewhere in between, there will be a plane where the fibres do not change 
length. This is called the neutral surface. The intersection of the longitudinal plane of 
symmetry and the neutral surface is called the axis of the beam, and the deformed 







Figure 5-2: The neutral surface of a beam 
 
5.2 Bending Deformation and Flexural Stress in Beams 
5.2.1 Bending Deformation  
The moment at any beam cross section is distributed as normal stress called, flexural 
stress or bending stress (Figure 5-3). The line that make the change from the tension 
to compression is called the neutral axis. The stresses to one side of the neutral axis 
are tensile whereas on the other side of the neutral axis they are compressive. The 
precise location of the neutral axis must be determined and the deformation of the 


















The bending moment on the material will cause a stretched surface on the bottom 
and compressed surface on the top of the material (Hibbeler 2013). Consequently, 
between these two regions there must be a surface called the neutral axis. In the 
neutral axis the material fibres do not extend.  
 
From the previous observation there will be three assumptions made regarding the 
way the stress deforms the material. First, the longitudinal plane x which lies the 
neutral axis, does not change in length. The moment only will tend to deform the 
beam so that the neutral axis becomes a curve that lies in the x-y plane of symmetry. 
Shear deformation is assumed to be insignificant. The second assumption is the cross 
section of the beam remains plane (no warping) and remains perpendicular to the 
deflection curve of the deformed beam. The third assumption is the deformation in 
the vertical direction will be neglected in deriving an expression for the longitudinal 
strain (Figure 5-4). 
 
Figure 5-4: Plane sections in the beam theory 
 
In order to show the distortion in the loaded beam, consider the segment of the beam 
located a distance x along the beam’s length and having an undeformed thickness 

















Figure 5-5: Beam cross section 
With these assumptions, consider now the element of beam as shown in Fig. 5-6. 
Any line of the segment x, located on the neutral surface, does not change its 
length, whereas any line segment s, located at the arbitrary distance y above the 



























The normal strain along s∆  is determined from the following equation:  







0lim θ                             (5.1)    
The beam is a three dimensional object, and so will in general experience a fairly 
complex three dimensional stress state. In this equation, the strain will be represented 
in terms of the location y where xs ∆=∆  before deformation and x∆  has a radius of 
curvature ρ with centre of curvature at point O’. Since θ∆ defines the angle between 
the side of the element, θρ∆=∆=∆ sx ,and the deformed length of s∆  becomes 
θρ ∆−=∆ )(' ys  . Therefore, the normal Strain is: 
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−∈=                                                       (5.3) 
 
This equation  indicates that the longitudinal normal strain of any element within the 
beam depends on its location y on the cross section and the radius of curvature of the 
beam’s longitudinal axis at the point (Hibbeler 2013). In the cross section the 
longitudinal normal strain will vary linearly with the y axis from the neutral axis. 
Figure 5-7 show that the contraction ∈  will occur in fibres location above the neutral 
axis (+y), whereas elongation (-y). The maximum strain occurs at the outermost 
fibre, located a distance y=c from the neutral axis therefore:  
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Figure 5-7: Normal strain distribution 
 
5.2.2 Flexural Stress  
Flexural stress occurs when a bending moment acts on the beam’s cross section 
(Hibbeler 2013). When the material behaves in a linear elastic manner a linear 
variation in both normal strain and normal stress occurs over the depth of the beam. 
Hence, the normal strain variation ϵ will start from zero at the neutral axis to the 
maximum value ϵmax, at the distance c furthest from the neutral axis (Figure 5-7). 
The stresses are proportional triangles (Figure 5-7). The stress by (Hooke’s law) is 
∈= Eσ . From the previous result the stress may be expressed as in the following 
equation 
                              max)( σσ
c
y
−=                                                     (5.6) 
 
The previous equation described the stress distribution over the cross sectional area. 
Figure 5-8 M which acts in the + Z direction, and positive values of gives negative 
(compression) values for σ . Similarly, for negative values, positive or tensile 
stress σ will result (Figure 5-8) (Hibbeler 2013).  
 
The position of the neutral axis may be determined by considering equilibrium of 
forces: the sum of normal stresses over the cross section must be zero. The force dF 
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Figure 5-8: Bending stress variation 
 
If does not equal zero, then                                    (5.10) 
The first moment of inertia about the neutral axis must be zero. This can be satisfied 
when the neutral axis is also the centroid axis for the cross section. The stress in the 
beam can be determined because the resultant internal moment must be equal to the 
moment produced by the stress distribution about the neutral axis (Hibbeler 2013). 
The moment dF about the neutral axis is dM= ydF, where dF= σdA 
 
Therefore,  
                                                          (5.11) 
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The quantity   is the first moment of inertia, the quantity is the second 
moment of inertia about the neutral axis, and is denoted by the symbol I. It follows 
that the flexural stress is related to the moment through  
 







, the normal stress at any intermediate distance y can be 
determined by proportion thus:                               
                                                                                (5:13) 
 
5.2.3 The Moment of Inertia 
The moment of inertia of an area depends on the shape of a beam’s cross section. 
Before determining the moment of inertia one must locate the centroid (neutral axis). 
For a rectangular beam, the neutral axis runs through the centre of the cross section. 
To evaluate I for a rectangle of height h, width b and consider a small strip of height 
dy at location y Figure 5-9. 
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This relation shows that the taller the cross section, the larger the moment of inertia, 


















Figure 5-9: The moment of inertia for a rectangular cross section 
 
5.3 Shear Deformation 
The theory reviewed above allows deflections resulting from bending deformation 
only to be calculated. However shear forces and shear stresses also occur in loaded 
beams. A more complete theory including the effects of shear deformation has been 
developed by Timoshenko (Timoshenko & Goodier, 1970). However if the length of 
a beam is large in comparison to its depth, the effects of shear deformation may be 
neglected. This research deals with relatively slender elements and so the simpler 
theory developed above is applied. 
 
5.4 Summary  
Linear elastic small deflection  beam bending theory has been reviewed. The linear 
stress and strain profile of the theory has been explained. The moment of inertia 
which determines the beam stiffness in bending has been explained. The more exact 










Chapter 6: Research Methodology 
 
This study focuses on determining the bending or flexural stiffness of Irish OSB 
laths in both single and double layer arrangements. The key issue being investigated 
is the degree of composite action between layers in a double layer assembly. Before 
describing the details of the current study, some relevant results from a prior study 
carried out at the University of Limerick will be described. 
 
6.1 Irish OSB in Bending Active Gridshells: The Collins Study  
Collins’ study aimed to build a computational model that would predict the 
geometry, deflections and stresses of single and double layer bending active 
gridshells using Irish OSB (Collins et al, 2015). While the details of the 
computational model do not concern us here, two aspects of Collins’ study are very 
relevant for this study: 
 
1. The experimental tests cared out to establish the material properties of Irish 
OSB, principally the Elastic Modulus of the material 
2. The comparison made between the computational predictions of deflection 
and the experimentally measured deflections for the double layer gridshell 
under external loading. 
 
6.1.1 Elastic Modulus 
All Irish OSB is produced by one manufacturer: Medite Smartply at their plant 
adjacent to Belview Port in Co. Waterford, Ireland. It should be noted that Collins’ 
study was carried out between 2012 and 2014. The material tested in Collins’ study 
was supplied in the spring of 2014. This current study was made using material 
supplied around September/October of 2016. New presses were introduced to the 
manufacturing plant and were commissioned during July and August of 2016. 
Therefore the material used in this current study is produced using more modern 





In the light of the altered production process it was decided that for the current study 
the elastic modulus, E, would have to be rechecked. The stiffness of some of the old 
OSB was also tested in the form of long strips to check the variation in E along the 
length of a single strip. 
  
There are two current standards for the sampling of OSB for testing, (EN326, 1994) 
and (EN789, 2004). The former is used for quality control during manufacture and 
the latter for measuring properties used in design. OSB is mostly used in wide panel 
form rather than in narrow strips. As Collins has noted, (EN326, 1994) specifies the 
use of narrow test specimens (b=50mm) while the sampling requirements set out in 
(EN789, 2004) are designed for the determination of characteristic mechanical 
properties using medium width test specimens (b=300mm). The material properties 
measured from any specimen will be the average across the test specimen width. 
These values may not be representative of the narrow sections used in some 
gridshells including the gridshell that was the subject of Collins’ study. Therefore, 
narrower test specimens were appropriate to determine the properties of OSB for 
Collins’ study. The narrower specimen width may result in a higher variation in 
measured data between specimens but the data will be more representative of the 
reality for bending active gridshells (Collins 2016).  
 
Test methods similar to those in EN789 were used for the determination of bending 
strength and stiffness since the properties are required for use in design. However the 
test was adapted to use a narrower test specimen width more representative of the 
intended end use. 
 
EN789 states that a test specimen bending stiffness per unit width of about 300 
kN.mm
2
/mm is most suitable for the test configuration described in the standard. 
This corresponds to a thickness of 9mm and an elastic modulus of 4930 N.mm-2. 
Smaller thicknesses may be tested by using smaller diameter rollers and 
proportionally reducing the distances between them. Therefore the four-point bend 




This test setup is similar to that given in (EN408, 2012) for the determination of the 
local modulus of elasticity in bending of solid timber. 
 
Only short term properties were measured. Collins’ also carried out shear and torsion 
tests but only the bending stiffness results are relevant to this study. The top surface 
of OSB product tested by Collins showed a smoother top face than the bottom 
surface. Therefore Collins carried out tests in both the face up and face down 
positions in case the manufacturing process might have resulted in product with a 
through-thickness variation in stiffness. He found no statistically significant 
variation in bending stiffness between the face up and face down test results. The 
Collins’ bending stiffness test results are given in table 6.1 below. 
 
Sheet Mean Std Dev 5th %ile 95th %ile COV 
1 5294 1303 2765 7822 24.6% 
      2 5418 1141 3204 7632 21.1% 
3 7013 1527 4051 9974 21.8% 
4 5701 1067 3630 7772 18.7% 
5 5416 1386 2728 8104 25.6% 
6 5671 1172 3397 7944 20.7% 
7 5620 1118 3450 7790 19.9% 
8 5317 721 3918 6715 13.6% 
9 5463 610 4279 6646 11.2% 
10 6372 1197 4051 8694 18.8% 
11 5114 1012 3150 7078 19.8% 
12 6069 1062 4009 8128 17.5% 
13 5548 1105 3404 7692 19.9% 
14 4618 724 3213 6023 15.7% 
15 5859 1005 3909 7809 17.2% 
16 5515 1442 2718 8312 26.1% 
Mean 5625 1100 3492 7758 19.5% 
                                            





In table 6.1 COV, the coefficient of variation, is the standard deviation expressed as 
a percentage of the mean. The overall mean Modulus of Elasticity measured by 
Collins using 190 short test specimens cut from 8mm thick Irish OSB sheets was 
5625 N/mm
2
 (Collin’s 2016). 
 
Having determined the material properties and built a computational model using a 
dynamic relaxation algorithm, Collins built some single and double layer OSB 
gridshells (See figure 7-1 and 7-2 in Chapter 7). They were loaded and deflections 
measured. For the single layer experimental gridshells, Collins compared his 
experimental gridshell deflection with the predictions of his computational model. 
He obtained good agreement for the single layer gridshells using the mean material 
elastic modulus. For the double layer computational model the input file required a 
parameter, (Cs) that in turn affects the equivalent moment of inertia used to model 
the double layer structure (Figure 6-1). Collins did not have any prior experimental 
measurements for Cs. Therefore he simulated the response of the experimental 
gridshell computationally for the upper bound and lower bound feasible values of 
Cs.  These values are 1 and 0 and correspond respectively to full composite action 
and zero composite action. Collins reports “For both the single layer unbraced and 
braced gridshells the experimental results are closest to the predicted deflections 
from MatGrid using mean material properties” (Collin’s, p.237) Furthermore for the 
double layer computational model he then tested various values of Cs to find the 
value that would produce the best agreement between the model predictions and the 
measured deflections. That value was 0.42. 
 
Collins had no directly measured data for Cs so his value of 0.42 is a global “best 
fit” for a whole gridshell. Collins notes that this value “would need to be validated 
experimentally”. This study aims to fill that gap in knowledge. No studies have been 
located that measure Cs. It is certainly the case that no such tests have been carried 
out using Irish OSB. This research is the first such test using Irish OSB. 
 
6.1.2 Double Layer Assembly Arrangement 
Having established material properties and certain joint flexibility properties, Collins 
then built and tested a complete gridshell. This gridshell was double layered. At each 
node OSB laths cross over both orthogonally (primary members) and diagonally 
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(bracing members) and are fixed together with a bolt and washer. The detail is 











Figure 6-1: Double layer assembly (Collins 2016) 
 










Figure 6-2: Collins used shear blocks made from two layers of OSB between nodes (Collins 2016) 
 
6.2 Methodology  
This study is an initial investigation and therefore begins by testing a similar 
arrangement to Collins but in a flat (unbent) configuration. Collins had established a 
value for elastic modulus E for 8mm thick OSB using short test specimens in 
accordance with relevant standards. However the possibility that the material 











considered in this study. Furthermore, as noted above in section 6.1.1 in the light of 
the altered OSB production process it was decided that for the current study the 
elastic modulus, E, would have to be rechecked. It was also thought desirable to 
establish the actual material stiffness of the laths that were to be later assembled as 
double layer members and tested. Therefore it was decided to begin by measuring 
the actual elastic modulus E at a number of points along the length of a number of 
single laths before they were assembled as a double layer unit. This was done for 
both “old” OSB and “new” OSB. This process is described in section 6.2.1. Because 
initial calculations for E led to a modified methodology to calculate E, these results 
are included in this chapter with the methodology. 
 
Once the Elastic modulus of the OSB material is established by testing individual 
strips, double layer assemblies are made up and tested as described in section 6.3 
below. In Collins experimental, double layer members cross. They are connected at 
the crossing points by a single bolt. This crossing detail may contribute to composite 
action. Therefore the crossing laths that passed between two layers in Collins’ 
experimental gridshell are represented by packers of the same thickness in the test 
specimens in this study and the shear blocks are duplicated to match those used in 
Collins experimental gridshell. The overall length of a particular member in Collins’ 
gridshell varies. One practical limitation on length for Collins study was that 
standard OSB sheets were used which are 2.4m long by 1.2m wide. [It should be 
noted that much longer sheets come off the pressing line in the manufacturing plant 
but these are then sawn into sheets]. Some of the longer members therefore had 
splice joints. The scope of the current study does not include investigating the 
flexural behaviour of bolted splice joints so these were not included in any test 
specimens. This study will examine three different thickness of OSB (8mm -12mm - 









6.2.1 Determination of Elastic Modulus of Single Strips  
The laths used in this test were 50mm wide and 8mm thick to match the laths used in 








Figure 6-3: Test specimen for lath  
 
6.2.2 The Elastic Modulus 
The elastic modulus was measured by imposing a load and measuring the deflection. 
As noted above, the standard elastic theory of beams (See chapter 5) is then used to 
derive the specimen elastic modulus E from the measured deflections and 
corresponding imposed loads. For the reasons noted in Chap. 5, Timoshenko beam 
theory that accounts for shear deformation was not applied. E varies for every 
specimen, and E also varies along the length of the strips. The maximum strain 
reached before failure for most materials may be only a small fraction of unity, 
perhaps a fraction of 1% for most materials of interest. For example most low carbon 
steels yield at a strain of 0.1% (Ashby & Jones, 2012). Many solid timbers fracture 
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Figure 6-4: The Elastic modulus 
High Stiffness 




The deflection: The deflection is the deformation or the movement of the structure 
from its original position (Figure 6-5). After the OSB was loaded, deflection was 










Figure 6-5: The shape of structure before and after loading 
 
The elastic modulus E may be determined using either a three point or a four point 
bending test. Collins used a four point test and a four point bending test is used in 
this study also. Collins used short test specimens. In this study, the variation in E 
along the length of 2.4m specimens was checked at 8 locations on each specimen. 
The variation in E along the length was found to be small. Therefore, while the “old” 
OSB laths were tested at 8 locations, the “new” OSB laths were tested at only 5 
locations. The test is limited to a maximum load of 50N (as explained below), in 
order to avoid any damage to the material. The results for load and displacement 
were recorded and graphs were plotted for each test. The thickness and the width 
was recorded. The next step for the test was to divide the lath into 9 marked sections, 












The test machine used was the Zwick Roell Z100 (BT1-FB100TN) machine. Either 
one or two supports (see figure 6.7) were positioned at the projecting ends of the test 






















Figure 6-8: Four point bending test 
Figure 6-8 shows the testing sequence of arrangements for one typical 2.4m long 
lath. The test consisted of two supports and two loads positioned symmetrically on 
the loaded segment. The distance between the load and the supports was identical. 
the distance between loads and was 128mm (See figure 6-8 above). We used the 
gauge attached to the test machine, in order to read the deflection .The data from the 






















Figure 6-9: Typical test arrangement for OSB single layer 
 
The four point bending test measures the elastic modulus by applying two loads on 
the beam as shown in Figure 6-8. Note that while the loaded portion is as shown in 
Figure 6-8, the lath extended past the two supports in general on both sides since a 
full strip 2.4 m long was being tested, as shown in Figure 6-9.  
 
At the time of the destructive test that was done by Collins, the characteristic 
strength (5
th
 percentile) value from the bending test was 14.7 N/mm
2
. The applied 
load corresponding to this stress was calculated using the equations below, as 122.5 
N and 40% of this is (almost) 50 N.  
 
                                                                             (6.1)                                                                                                
                                  (6.2)                                             





Therefore, in accordance with IS EN789 the maximum load that was applied in the 
non-destructive test to establish the material elastic modulus was 50 N, in order to 
avoid any damage to the materials. 
 
Eleven specimens, each 2.4m long were tested using the four point bending test. 
Each specimen or strip of “old” OSB was tested at 8 locations as described in figure 
6-8. In order to calculate the elastic modulus, the following equation was used (6.4):  
 












=                                            (6.4) 




I = , (EN789, 2004)                                           (6.5) 
 
In eq. 6.4 from (EN408, 2012) the deflections U1 and U2 are measured at the 
specimen mid-point and are relative to the deflection at the point of application of 
the load. 12 FF −  is the increment of the load between 0.1Fmax and 0.4Fmax (Fmax 
= 50N max. load applied).    
 
12 UU −  (Deflection) is the increment of deformation corresponding to the load 
increment F2-F1 using the linear regression line, see Figure 6-10. Therefore the 
elastic modulus E refers to the local area of constant moment and curvature between 
the loads. 
 
As noted above this formula is based on standard linear elastic small deflection beam 
bending theory which is reviewed in Chapter 5:       
 
The deflection measurements are taken with reference to the load points at the 
midpoint of the specimen on the top face. Four sets of data are recorded at 0.1-
second intervals as the applied load is gradually increased during this test: force 
applied, translation of the cross head, deflection of the midpoint and time. Equation 
6.4 assumes a homogeneous, isotropic linear elastic material, a prismatic member, 
simply supported conditions and a symmetric arrangement of two point loads. 
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The bending strength is given by: 





max* 2=                                             (6.6) 
                                       The section modulus Z = bd
2
/6                                                                                                      
 
Thus the values of Elastic modulus computed is the secant modulus between the 
10% and 40% load levels where 100% is the maximum load Fmax applied in the test 










 Figure 6-10: The applied load in the single layer 
 


















    Note: Fmax = 50N 
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6.2.3 Initial Test Result 
In order to measure the elastic modulus, the deflection in each section of the 11 
specimens is required. A typical graph of load versus deflection for one test is shown 
in Figure 6-12 (See appendix A2 for test data examples). Note the 50N upper load 
limit. Note also that the load-deflection graph is not exactly linear but linearity is 
assumed. E is calculated based on two points of this graph (U1, F1) and (U2, F2) 
where F1 is 10% of Fmax or 5N and F2 is 40% of Fmax or 20N. 
 
Initial results showed that  if Formula (6.4) above is used to derive the mean elastic 
modulus from the non-destructive test of the long laths, then the initial values 
obtained are very different from the previous Collins’ result which was 5650 N/mm2 











             Figure 6-12: Typical test load versus  deflection for OSB single layer 
 
Equation 6.4 assumes simply supported conditions for the test specimen whereas our 
test specimens had long overhangs. These overhangs impose hogging moments at 
the test specimen support points and therefore reduce the specimen total deflection 
for a given load. However, as noted above, in accordance with EN789, deflection at 
the specimen mid-point is measured relative to the load points. Therefore as long as 
the specimen behaviour is assumed linear in the loading range of the test, the state of 
initial deflection should not alter the result. However if the rotational stiffness of the 




rotational stiffness) then the results would be affected. Because the maximum load is 
small, relatively small changes in the rotational support stiffness could be significant. 
It was therefore decided to model the test arrangement computationally and back-
calculate values for elastic modulus from the measured deflections rather than rely 
on the EN789 procedure.  
 
6.2.4 Computer Model for 2.40m Long Test Specimens 
The bending test results from the long strip tests were very different from those 
obtained in Collins’ study as described in Table 6.2 below. The test specimens were 
overhanging the loaded portions, in contrast to the simply supported conditions 
illustrated in EN408 and assumed in eq. 6.4. While the deflection data is not in 
doubt, the overhangs may have affected the support stiffnesses. Therefore the 
assumptions underlying eq. 6.4 may have been violated. Therefore an alternative 
means of establishing the elastic modulus from the deflection data was devised. A 
computer model reflecting the actual test arrangement was made using the standard 
stiffness matrix method. The software used was Linpro which is free software for 
student use. The software is based on standard liner elastic small deflection beam 
bending theory. The test specimen is modelled as a beam continuous over three 
spans with pin and roller supports along with the dimensions of the actual test 
including the strip self-weight. See Fig. 6-13 for a typical Linpro model.  
 
Figure 6-13: Typical Linpro model  
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The particular test modelled in figure 6-13 had a stand support at one end and a free 
cantilever overhang at the other end. A separate Linpro model was created for each 
test condition shown in figure 6-8. The elastic modulus in Linpro was adjusted until 
the experimental deflection data (for an applied load of 40% of Fmax) matched the 
deflection data from the Linpro model (including the specimen self-weight). The E 
value obtained is in much better agreement with that from previous work  (Collins 
2016). The schedule below shows the difference between the mean E value from that 
calculated by using the Linpro model in 11 samples (Table 6-2). The E test value 
was taken as the average of the E values of each section tested in the 11 samples. 
 
No – Laths E - Linpro E Test (eq.5.4) 
1 4918 10,003 
2 5736 11949 
3 5201 78534* 
4 5201 9456 
5 5423 9000 
6 5082 9644 
7 5218 9032 
8 4739 8478 
9 5004 9269 
10 4980 9013 
11 5420 8705 
Average 5189 9651 
Table 6-2: E Modulus of Elasticity (N/mm2) 
 
 * Experimental error assumed 
                                                                               
Moreover, the difference between modulus of elasticity from the experiment test and 
from the Linpro model can be noted in X-Y scatter plot below in Figure 6-13. Figure 
6-14 shows that there are many deviations (E-test & E-Linpro) above and below the 
X-Y scatter plot line. So, The line graph below shows that there are significant 
differences between E from the test using equation 6.1 and the adjusted E using the 
Linpro model to account for the test specimen support conditions. Thus, the 
deflections in the long lath specimens are affected by the overhanging portions 
(Appendices A.1). 
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The mean elastic modulus that calculated from the test without accounting for the 
support conditions and self-weight is 9651 N/mm² (Old OSB).After using the Linpro 
model (Figure 6-14) a new mean of elastic modulus that equal 5189 N/mm
2 
was 
found (Table 6-2). So, by using the Linpro model the E was reduced from 100% 
difference to an 8% difference from Collins’ E value of 5626N/mm
2
 (See Table 6-2, 













Figure 6-14: E test in scatter plot 
 
6.2.5 Old OSB Test Result for E 
The table below shows the E values in one single lath (Old OSB) that was tested at 





















 E - Linpro 
(N/mm2 ) 
1A 9.99 49.80 0.0025 0.196 10915.12 4980 
1B 14.44 49.63 0.0005 0.177 11020.82 4690 
1C 0.054 49.90 0.054 0.316 8568.26 4745 
1D 9.93 49.03 0.076 0.301 9302.37 5537 
1E 24.95 49.99 -0.015 0.136 9327.60 4869 
1F 21.96 49.95 -0.0015 0.134 10634.6 5578 















Table 6-3: The E values for one single strip 
 
A similar test procedure was carried out on single layer strips (New OSB). After 
using the Linpro model, the mean elastic modulus was calculated as 5513 N/mm
2
 
which was only 2% different from Collins’ E value of 5625N/mm
2
 (See table 6-4). 
 
E Elastic modulus          Value Unit 
Old OSB (Collins) 5625 N/mm
2 
Old OSB long strips (This study) 5189 N/mm
2
 
New OSB long strips (This study) 5513 N/mm
2
 
Table 6-4: E values from Old and New OSB  
 
 
6.3 OSB Double Layer Bending Test 
The same type of 4 point bending test used to measure the elastic modulus of the 
2.4m long single OSB strips was also used to establish the stiffness of the double 
layer assemblies. However, the bending stiffness of a double layer assembly can only 
be meaningfully measured over a length that contains a number of nodes and shear 
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blocks. Otherwise purely local stiffness data will be generated which is of little 
practical use in either modelling or design. Furthermore a double layer assembly of 
two OSB strips may be up to 26 times as stiff as a single layer of OSB of the same 
strip section. Because the assembly is so much stiffer than a single strip a longer test 
span is appropriate to generate deflections that can be easily measured.  
 
Because moisture content has a significant effect on the stiffness of timber products 
(see 3.8 above), it was necessary to condition all test specimens. The ECO HTCL 
















Figure 6-15: Chamber for conditioning the OSB double layer beams 
 
These considerations, together with the Collins’ gridshell arrangements described 
above (Figure 6-1, 6-2) led to the use of a double layer test specimen 1700 mm long 
as illustrated in Figure 6-16. 
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Figure 6-16: The double layer assembly beam  
 
The crossover nodes are represented by the single bolted packers and the shear 
blocks by the double bolted packers. The bolts used are Ø8x70 mm long with a 24 
mm diameter washer. All bolts were torqued to 20N-m. 
 
Collins established the appropriate elastic modulus of Irish OSB by sampling many 
sheets and testing short specimens that reflected the strip or lath width used in his 
experimental gridshell. His experimental study was of a complete multi-member 
load-sharing system. The current study sought to measure explicitly the stiffness of a 
single isolated assembly made up of two layers locked together. The double layer 
assembly was tested to destruction as a straight (non-curved) beam. 
 
6.4 Summary 
Material properties such as stiffness and strength have a major impact on gridshell 
design and construction. The stiffness of OSB strips later used in both single layer 
gridshell and double layer assembly tests was measured. By measuring the deflection 
the elastic modulus was calculated. In order to account for the effect of the 
overhanging ends of the test specimens, the results were achieved by using a Linpro 
computer model. There are significant differences between E from the test using 
equation 6-2 above, and the adjusted E using the Linpro model to account for the test 
specimen support conditions.  
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The mean elastic modulus that was found from the test without accounting for the 
support conditions and self-weight is 9,651 N/mm². This is much higher than the 
expected value probably because the continuous beam is stiffer than a simply 
supported beam. After using the Linpro model, a new mean elastic modulus of 5189 
N/mm
2 
was found. So, by using the Linpro model, the measured difference in E from 
Collins’ value of 5625N/mm
2 
was reduced from 200% to 8%.  
 
Furthermore, the E value calculated for the “new” OSB was 5513N/mm
2
 which is 
within 2% of Collins’ value of 5625 N/mm
2
 for “Old” OSB (Collins, 2016).  
 
The double layer assemblies were detailed to reflect the arrangements in the earlier 
study by Collins (2016) and then tested in a four point bending test as straight beams 
after conditioning for humidity and temperature. The results of these tests are 
reported in Chapter 7 together with results using screws, glue and three different 

















Chapter 7:  Experimental Result 
  
7.1 Multiple Layers  
The main focus of this study is the stiffness of double layer members in bending 
active gridshells. Deep members are required in a single layer gridshell (Figure 7-1) 
for large spans. However deep members are stiff and may not be bent easily without 










Figure 7-1: Single layer (Collins-2016) 
 
The solution to this problem is to use multiple layers (Figure 7-2).  
 
 







When the double layered gridshell approaches the target shape, the nodes and the 
shear blocks are locked, enforcing a degree of compatibility of translation and 
rotation between layers thereby generating composite action between the two layers 










Figure 7-3: (a) Single layers timber member, (b) double layers timber member 
 
7.1.1 The Stiffness of Single and Double Layers 
A good indicator of a material’s suitability for bending active gridshells is its ability 
to bend with relative ease without breaking. Thus the ratio between the bending 
strength fm and bending stiffness Em of the material should be considered. The 
thinnest experimental gridshell elements tested in this research are made from 50mm 
wide and 8mm thickness OSB laths as used by Collins in his study (Collin’s, 2016). 
For a single layer (as a rectangular shape 8mm thick and 50mm wide) the second 
moment of area is 2133mm
4
 (Figure 7-4a).  
 








Ix ===      (Single Layer)              (7.1) 
 
Assuming that there are shear blocks fixed at intervals between the layers that create 
full composite action in a double layer gridshell with an 8mm gap (representing the 
thickness of the laths in the opposite direction), the second moment of area is 
calculated by subtracting the second moment of area of the gap between layers from 
the second moment of area of the overall section with no gap. 
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4   
(Double layers) 
 
Thus, the double layer structure is 26 times stiffer than the single layer and 13 times 
stiffer than the two layers acting independently. (The effect is even bigger if the gap 
is increased to allow for a layer of bracing). This stiffness equates to that of a single 
layer 50mm wide and 23.7mm thick (Figure 7-4c) ( Collins 2016). In other words if 
fully composite action can be achieved between the two layers, the double layer 
assembly is almost as stiff as a fully solid section of similar depth and width.  
 
Figure 7-4: (a) Single layer, (b) double layers, (c) geometrically equivalent layer 
 
The double layer elements in Fig. 7.4 have a similar stiffness to a single layer of the 
same external geometry but with a 33% reduction in material and, of course, the 
double layer construction allows much greater flexibility for forming, essential for 
bending active gridshells. 
 
7.2 The Degree of Composite Action (Cs) 
The coefficient Cs  (equation 7.6 below) represents the degree of composite action. 
Cs  is a factor between 0 and 1.  A value of zero is used during the form finding 
stage of the modelling process. This is because the layers are formed independently. 
There is no composite action. A value greater than zero is used during load analysis 
to allow for the effect of the shear blocks. It must be noted that although the shear 
blocks would in principle contribute to flexural stiffness directly by bending, they 
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are effectively insignificant in this regard because there are more gaps than solid 
parts. 
 
In the gridshell construction process, the single layer is first formed then the second 
layer is added afterwards. For load analysis after forming and locking of the layers 
together, the double layer members can be modelled by using an equivalent second 
moment of area which depends on Cs. Thus at the start of the stage 1 (form finding) 
process, the values for cross sectional area about the local x-axis and the second 
moment of area are that of a single layer (equation 7:1, 7:2) (Figure 7-5) & (Figure 
7.6a).  
 
                                 A=bd                                                                      (7.3) 















Figure 7-5: Built up cross section of double layers 
 
Once the first layer has been formed, the second layer is added. For stage 2 
(subsequent load analysis), the increase in stiffness due to the second layer and the 
presence of shear blocks must be taken into account. If it is assumed that the 
connection between the members and the shear blocks has infinite rigidity i.e. no slip 
at the interface (Figure 7-6(d) below), the strain profile is as for a solid beam (figure 






              (a)First layer 
               (c) Shear block 




Cs: depends on slipping 
between shear blocks hs 
and between layers h 
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=      (D’Amico et al. 2015a)              (7.5) 
In contrast, if it is assumed that the connection between the members and shear block 
has zero rigidity, the strain profile is as for two independent single layers with 
relative sliding allowed (Figure 7-6(b) below). 
 
So, the influence from the shear blocks may be somewhere between infinite and zero 
rigidity (Figure 7-6(c) below). A general equation (7.6) has been derived by 
(D’Amico et al. 2015a). 
 












































+++=                   (D'Amico et al. 2015a)                         (7.6) 
 
The above equation is a general expression for the moment of  inertia of a section 
composed of two layers each of depth h  separated by a gap of hs  assuming a linear 
strain profile from top to bottom.  Saying “a linear strain profile from top to bottom’’ 
is a definition of what is meant by “fully composite action”. Note that bh
3
/6 is the 
sum of the moment of inertia of the two layers (twice bh
3
/12). Thus it is the moment 
of inertia of two layers acting independently. The remaining terms are gathered 
together and are then taken to represent the contribution made to the stiffness due to 
composite action over and above the independent stiffness of the two layers. Thus, 
the general equation can be arranged as follows:  
                                              







=      (D’Amico et al. 2015a)                   (7.7) 
Where ]1,0[∈Cs  
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Thus if Cs is set to 1 the original expression in equation 7.6 is recovered. If Cs is set 
to zero I is bh
3
/6, the inertia of two separate layers. The real behaviour will be 
somewhere between these extremes. Collins found that a value of Cs = 0.42 gave a 
good fit between his model predictions and measured behaviour (Collin’s, 2016). 
This present research aims to establish Cs experimentally by measuring the bending 









             
 Figure 7-6: Cs value in different shear blocks connection 
 
7.3 The Sample Size 
In general when the same experimental measurements are repeated many times, 
some variation in results may be expected. Variations may occur due to the limits in 
precision achievable by the measurement equipment, variations in environmental 
conditions such as temperature, humidity and vibration or by irregularities 
introduced by human activity. However in the present research, there are much more 
significant variations introduced by the nature of the materials and assemblies being 
tested.  
 
The OSB material is a particulate composite of timber flakes and adhesive. The 
overall scale of the flakes is kept within limits by the manufacturing process. 
However there is considerable variation in flake size, some variation in flake 
thickness and much variation in flake orientation. The orientation is important 
because the raw material, timber, is not isotropic. Its mechanical properties vary with 
the direction of the grain. Furthermore timber is non-homogeneous, even along one 
direction. Even properties of specimens drawn from the same height on the same tree 
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will vary depending on whether they are taken from the south or north facing sides 
of the tree. 
 
The packing pattern of the flakes cannot be fully controlled. 
 
The distribution of adhesive will not be perfectly uniform and the semi-random 
nature of flake geometry and packing will cause local variation in bond strength 
between flakes. 
 
The mechanical stresses created by the rolling process may vary slightly creating 
variations in product density, stiffness and strength. There will also be slight 
variation in product thickness which will in turn impact on bending stiffness even if 
all other things were equal. 
 
While there is some control during manufacture in moisture content there is variation 
here also. 
 
All of the above may introduce variations into the mechanical properties of the OSB 
product. These variations will be apparent in the stiffness measurements even when 
single strips or laths are being tested. There will be local variations in properties 
within a single strip and between strips. 
 
In the light of the above discussion, how decisions be made about the number of 
specimens to test? 
 
All the variations described above are non-systematic. That is they do not follow any 
fixed rule. They are random in nature and cannot be predicted for any one test 
specimen. The variations are built into the nature of the material. Therefore, can only 
be described the mechanical properties of such a material can only be described by 
reference to statistical methods.  
 
It should be noted that further variation is introduced when double layer assemblies 
are tested. Other variations may arise from drilling holes and tightening bolts. When 
metal fasteners such as bolts and screws are used local variations in the OSB density 
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and local crushing strength come into play since they influence how much force the 
fastener can transmit in contact with the OSB. Also small variations in surface 
smoothness influence contact between fixings and the OSB surface.  
 
If The OSB specimens were tested, the population mean stiffness and the variation in 
mean stiffness expressed as the standard deviation could be determined. The mean 
and standard deviation are the most common means of describing quantities that vary 
in a random or non-systematic way. For situations like the present case, statisticians 
and materials scientists note that it may be assumed that the material strength and 
stiffness are ”normally” distributed. That is the data tends towards a central value 
(the mean) but any one piece of data will deviate from that mean non-systematically. 
However there will be more values close to the mean than there are values very far 
from the mean. The standard deviation is effectively the average distance of a 
measurement from the mean. If the mean and the standard deviation are known, the 
probability of any one piece of data being a certain distance away from the mean 
may be calculated.  
 
However the entire population of all possible specimens cannot be tested. The 
population must be sampled. Therefore, the sample mean and the sample standard 
deviation can be determined. This gives us an indication or estimate of the 
population mean and standard deviation. The sample size must be decided. And it 
may expected that the bigger the sample to be tested, the closer the sample mean will 
approach the population mean. Each sample may have a slightly different mean. 
These sample means are approximately normally distributed. The standard deviation 
of this distribution is called the “standard error” and varies with the sample size. The 
bigger the sample size, the smaller the standard error.  
 
It is important to make an estimate of a sample’s mean to have a measure of the 
accuracy or likely error of this estimate. In the current research only data from 
samples is available. The population mean   of Cs may be determined from the 
sample mean with a certain confidence level. It is common to choose 95% as the 
desirable level of confidence for an estimate. By choosing a desired upper limit for 
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the error and  a confidence level, the required sample size needed in order to be at or 
below that error limit can be calculated.  
 
The “t” score is the marginal error in an estimate. For estimates of population mean, 
the “t” score multiplied by the standard error gives the margin of error expected for a 
given confidence level. Statistical theory says a sample size of n has (n-1) degrees of 
freedom. Due to limitations of time it was decided to test 11 specimen strips for 
Elastic modulus and 11 double layer assemblies for Cs.  At 10 degree of freedom and 
95% confidence level using statistical tables of the “t” distribution the “t” value is 
2.228. 
 
In summary, given an estimate of 95% confidence level, where 
 the number of specimens n in a sample with (n-1) 
degrees of freedom may be picked from a table of the “t” distribution for t=2.228. 
Note that the “t” distribution is symmetric with two “tails”, each of 2.5% in our case. 
Thus, the required number n of specimens in a sample may be calculated from the 
following equation: 
 





n =                                                    (7.7) 
Whereas: 
n  : is number of the specimens in a sample (sample size) 
t  : is the confidence interval 
s : is the standard deviation 
δ : is the marginal error at 95% confidence 
 
Note that there is a trade-off between confidence level and sample size n. If it 
required an estimate with high confidence a very large sample size need to be tested. 
Furthermore as a sample sizes get large the marginal gain in the confidence of an 
estimate for a further increase in sample size becomes less and less.  
 
The schedule below (Figure 7.7) shows the variation of the marginal error with 
sample size for 8mm bolted beam assemblies as both a table and graph. The samples 
for this research were of size 12 (12 double layer beams) as a practical choice for a 
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small study. For a sample of this size, at confidence level 95% the mean of the 
population stiffness factor, Cs, will occur between ± 0.085 of the sample mean  
(X ± 0.085) where X is the sample mean for Cs. This implies an error of up to 10% 
in the mean. A bigger sample size would have been preferable but was not practical 



































  Figure 7-7: Sample size and marginal error 
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7.4 Testing Procedures 
The strength and the stiffness properties are required to gain an adequate 
understanding of the behaviour of OSB in the individual layers of a gridshell. 
Specifically the bending stiffness of double layer assemblies of OSB strips is 
required. 
 
7.4.1 Cutting and Sampling the Individual Beams 
There are two current standards for the sampling of OSB for testing, EN326-1 and 
EN789. The sampling requirements set out in EN326-1 are for the quality control 
and factory production purpose. Measurements of the moisture content (EN322, 
1993) and density (EN323, 1993) will be made for each individual beam. The test 
method was adopted from the standard EN798. The beams were constructed from 
two single laths with a dimension of 8mm thickness, 50mm width and 1700mm 
length. As noted previously a length 1700mm was selected, because the chamber 
available in the laboratory would not accommodate longer specimens (see figure 5-
3). The two laths were connected by shear blocks and packers to represent crossover 
nodes and locked horizontally using bolts or screws and steel washers. The torque 
capacity and the size of the shear blocks, nodes and the washers were considered. 
The double layer assemblies were tested as straight elements subject to a four point 
bending test (Figure7-8) loaded in increments to destruction to establish Cs for each 
test specimen. It was thought that a glued assembly could have near zero slip and 
maximise Cs. Therefore three fully glued beams were also tested in order to compare 





















Figure 7-9: Four point bending test (fully glued beam) 
7.4.2 Cs for Bolted and Screwed Assemblies  
In this test 11 specimens of double layer (8mm OSB) assemblies using screws were 
tested, in order to compare results with the effect of the steel bolts on the double 




the bolted specimens. These shear capacities were calculated in accordance with 
Eurocode 5 (EN1995-1-1,2014). It was found that two steel bolts had the same 
design shear capacity as 6 screws for the test specimens. Therefore, instead of two 














Figure 7-10: bolted shear blocks & screwed shear blocks 
 
7.4.3 Results: Bolted and Screwed Assemblies (Old OSB) 















Cs Value – Screwed beams 
Cs Value – bolted 
beams 
1 0.73 0.78 
2 0.78 0.55 
3 1.22 0.73 
4 0.76 0.97 
5 0.69 0.60 
6 0.92 0.66 
7 0.83 0.96 
8 1 0.86 
9 0.77 0.96 
10 0.63 0.90 
11 0.67 0.67 
Mean 0.82 0.79 
SD 0.17 0.15 
                                                   
  Table 7- 1: Cs value for double layers bolted & screwed beams 
 
Both the bolted and the screwed beam test result were plotted and compared using 
SPSS software. The Cs value from the bolted beams and the screwed beams are 
similar (Table 7-1 and Figure 7-11), with mean values of 0.82 for the bolted beams 
and 0.79 for the screwed beams. 
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Figure 7-11: The double layer bolted & screwed beams result (Old OSB) 
 
The Cs factor value from unbent beams (not curved- Mellad study) and the factor Cs 
value from bent beams (Collins study) were compared (old OSB). The results shown 
that the Cs value of Collins’ study was 0.42, where the Cs value measured the 
present study was around 0.8. So, the Cs factor value measured for unbent double 
layer elements is much higher than the effective or “best fit” Cs value for similar 
double layer members loaded as part of a fully formed gridshell (Table 7-2). In fact 
the measured stiffness is almost double the best-fit value proposed by Collins. This 







                             
             Table 7-2 “Old “OSB:Cs value compared: bent beams (Collins study) & unbent beam (Mellad study) 
 
 
Beams position Materials Structure  shape Cs Value 
Bent Beams 




















7.4.4 Calculation of Cs 
The Cs coefficient for the double layer bolted, screwed and glued beams were 
calculated as follows:  
 
As previously noted (Chap. 5), the mean material elastic modulus E for OSB was 
established in accordance with EN408 by Collins as 5625 N/mm
2
 using eq. 7.8: 












=                                                                    (7.8) 
 
The effective or equivalent single layer Ix for each double layer assembly tested is 
calculated from equation (7.9), using Collins E value and the load and deflection 
values from the tests.  
Thus:  












=                                                                   (7.9) 
 
But Cs is related to Ix as follows: 
 











sx +++=                                               (7.10)    
Therefore: 

















=                                                            (7.11) 
 
b, h and hs are all known from the test specimen geometry. 
 
The effective Ix is calculated from equation 7.9 above. Therefore, Cs can be 
calculated from eq. 7.11. A sample of the measured data and calculations is in 




7.4.5 Cs Value for Bolted and Glued Assemblies (New OSB) 
A preliminary test using 3 “new” OSB specimens only to compare the Cs value of 
double layer bolted beams and double layer fully glued beams was made. It was 
thought that glued specimens would have the highest possible Cs value with almost 
no slip at the glue line.  Urea Formaldehyde glue has a low plastic deformation over 
time. Therefore it was selected to best approximate zero slip conditions. Three 
double layer fully glued beams were tested and compared to the three bolted beams. 
The double layer bolted beams had a higher Cs value (higher bending stiffness) than 
the double layer fully glued beams (See Table 7-3). The glued specimens had a value 
of Cs around 0.55 whereas the bolted beams gave a value of Cs about 0.69. It was 
anticipated that the glued beams would give an upper bound Cs, closer to 1.0. 
Therefore, the bolted beams have a higher Cs value than the fully glued beams 






















Specimen  Number 
Cs value –Fully Glued beams 
       (8mm thickness)                                            
Cs value- bolted beams 
     (8mm thickness) 
1 0.55 0.78 
2 0.62 0.55 
3 0.48 0.73 
Mean 0.55 0.69 
StD 0.07 0.12 
 Table 7-3: Cs value for double layers bolted and fully glued beams: “new” OSB 
 
7.4.6 Cs Values for “New” OSB: Multiple Thicknesses 
New OSB of various thicknesses (8-12-18 mm) was also tested in this research. This 
new OSB was manufactured using a new pressing machine. Therefore, the surfaces 
are smoother than the “old” OSB. The new OSB bolted double layer beam 
assemblies were constructed, conditioned and tested using the four point bending test 
as before. 11 specimens of each thickness were made. Table 7-4  shows the value of 
Cs for the new OSB assemblies (8,12,18mm) compared to the Cs value from the 




Cs value 8mm 
   Old OSB 
 




   New OSB 
 
Csvalue18mm 
    New OSB 
 
1 0.78 0.65 0.91 0.89 
2 0.55 0.66 0.69 1 
3 0.73 0.56 0.97 0.83 
4 0.97 0.63 0.54 0.79 
5 0.60 0.51 0.75 0.97 
6 0.66 0.48 0.84 1 
7 0.96 0.38 0.91 1 
8 0.86 0.42 0.70 1 
9 0.96 0.48 0.77 0.99 
10 0.90 0.58 0.80 1 
11 0.67 0.67 0.84 1 
Mean 0.79 0.55 0.79 0.95 
SD 0.15 0.10 0.12 0.08 
 Table 7-4: Cs value for old OSB and new OSB with various thickness 
 
 91
7.4.7 Discussion of Results  
The results are now summarised. 
 
The mean elastic modulus E of long strips of “old” OSB was measured using a 
modified procedure. A value within 8% of Collins’ value was obtained. The E for 
“new” OSB was also measured. A value within 2% of Collins’ value for “old” OSB 
was obtained. 
 
A mean Cs value for double layer assemblies made from bolted “old” OSB and a test 
specimen geometry derived from Collins double layer gridshell was established. The 
specimens were assembled and tested flat. This value was almost double the global 
“best fit” value proposed by Collins from his full gridshell tests where all members 
were curved.  
 
A mean Cs value for double layer assemblies made from “old” OSB using screws 
rather than bolts was also established. The value for these screwed assemblies was 
very similar to the bolted assemblies. 
 
A preliminary test using three samples only of glued assemblies was made. The 
mean Cs value found for the glued assemblies was less than that for three otherwise 
identical bolted assemblies. 
 
A mean Cs value for double layer assemblies of three different thicknesses made 
from “new” OSB using bolts were also established. The 8mm mean Cs value for the 
“new” OSB was significantly less than the corresponding value for the old” OSB. 
The mean Cs value for the 12mm “new” OSB was almost equal to that for the “old” 
8mm OSB. The mean Cs value for the 18mm “new” OSB at 0.95 was higher than 
any other mean Cs value and close to the theoretical maximum of 1.0  
 
The material property results will be discussed first. The long strip test method was 
cumbersome and prone to both experimental and modelling error. Even so 
reasonable agreement (within 8%) with Collins’ more extensive test results was 
obtained. Furthermore the data confirmed Collins’ conclusion that the variation in E 
within a sheet is such that the mean E is a good representation of the overall 
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behaviour of a multi-member structure such as a gridshell. However , on balance 
more reliance should be placed on Collins E value for “old” OSB. The “new” OSB 
results were remarkably close to Collins mean for “old” OSB (within 2%). This 
suggests that Collins figure of 5625 N/mm
2 
which is based on a much larger test 
sample
 
can be used with confidence for both “old” and “new” OSB. 
 
Perhaps the most important and thought provoking result of this study is the large 
difference between the measured Cs values for the flat “old” OSB bolted assemblies 
(0.79)and the global value (0.42) proposed by Collins based on his full gridshell. 
There are a number of factors that could contribute to this difference. Depending on 
local bolt contact conditions both along the shank and at the bolt ends, the shear 
stiffness of the bolt may contributing to the assembly stiffness over and above the 
shear stiffness of the OSB shear block. The bolts could generate shear stiffness by 
two mechanisms. 
 
1- the vertical (normal) contact pre-stress at the horizontal contact surfaces between 
node, shear block and laths due tightening of the nut: there may be some slip or 
stretching happening in the glued beams. 
 
2- The bolt itself has a degree of moment fixity at its ends. This generated by the 
bearing stress or prying stress. Prying forces may arise under the steel plate and bolt 
head providing the bolt is tight. As shear in the bolt causes bending the initial 
uniform (vertical) compressive pre-stress may change asymmetrically like the 
contact pressure under a foundation subject to overturning moment and shear. Thus 
the bolt contributes to the assembly shear stiffness directly. The shear stiffness of the 
bolt material (steel) is orders of magnitude bigger than that of OSB so the governing 
factor for this mechanism is probably the stiffness of the contact interface: i.e., local 
compression of the OSB.   
 
The variation in contact embedment can create changes in friction, horizontal shear 
stiffness or bending stiffness. In Figure 7.12(a), both of the shear block bolts were 
tightened with the same torque capacity, but one of the steel washers was embedded 
inside the OSB surface. Therefore there are clear variations in the lath surface 
hardness even in small section area. In Figure 7.12(b) both of the laths were bent 
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whereas the shear block was still straight after the test process on the beams. So, that 










Figure 7-13: The variation in the OSB surface and the contact embedment 
 
However the variation may be for more fundamental reasons connected with the 
difference in geometry. In a curved gridshell individual laths are subject to both 
bending and axial load. They are also curved. In effect they are buckled columns. 
Therefore they are inherently more flexible than flat beams, particularly under 
transverse load. 
 
It may also be that the Cs parameter cannot capture adequately the many factors at 
play in the stiffness of a double layer gridshell. The parameter is defined with respect 
to a parameter I, the section moment of inertia. This may be sufficient if bending is 
the major cause of deflections. However, as noted above, local buckling may also be 
active in full gridshells. Secondary bending is active in both flat and curved gridshell 
members. Therefore some further examination of the theory is warranted to explore 
the suitability of Cs as a parameter to represent such a complex phenomenon.  
 
Why might the Cs values for bolted specimens larger than for glued specimens?  
 
Quality control when using glue is demanding and difficult. Given the very small 
sample size (3) no firm conclusions ay be drawn. Some slip or stretching happening 
in the glue. The shear stiffness of the bolt may contribute to stiffness over and above 




bolted (and screwed) shear block may be higher than that of a solid OSB block lath 
assembly with full continuity of strain at contact planes (perfect glue) because of the 
shear stiffness of the embedded bolt shank.    
 
The variations in mean Cs between “old” and “new” OSB for the same test 
arrangement is not easily accounted for. The relatively small sample size and 
significant, if not excessive, standard deviation of the results means that some 
random variation is to be expected. Furthermore new OSB is manufactured using a 
modified process. The thickness of Old OSB is more variable than that of new OSB. 
Further testing with larger samples is needed to understand this difference more 
fully. 
 
The decreasing variation in mean Cs at maximum material thickness suggests that 
local factors, perhaps local crushing, may have a greater effect in thin material. 
Again further tests using larger sample sizes may provide more definite answers. 
 
7.5 Summary  
Gridshells are three dimensional curved structures that have sufficient strength and 
stiffness to cross large spans using very little materials. Like shells, gridshells are 
efficient , supporting applied loads mostly through ‘‘arching action’’ of their curved 
form. Double layer gridshells are flexible to form, yet stiff when complete. A 
previous study established a material stiffness (Elastic modulus) for OSB and 
suggested a best-fit value for the composite action coefficient Cs for a specific 
experimental double layer gridshell but did not directly measure any Cs values. 
 
This study measured the bending stiffness of double layer bolted assemblies detailed 
to match Collins’ previous experimental study in order to quantify the degree of 
composite action between the layers (Collin’s 2016). The double layer assemblies 
were tested in a flat arrangement in contrast to the previous study where they formed 




The stiffness of double layer assemblies were calculated with reference to the 
measurements of load and deflection at 10% and 40% of the maximum test load (the 
failure load) according to EN789. For the single layer non-destructive tests, Elastic 
modulus was calculated similarly by reference to load and deflections measured at 
10% and 40% of the maximum load which was 50N. 
 
The main results are: 
 
1. The mean Elastic modulus measured using 8mm thick long (2400mm) strips 
(old OSB) is 8% smaller than that measured by Collins using short (384mm) 
test specimens.  
2. The mean Elastic modulus measured using 8mm thick long strips (New OSB) 
is 2% smaller than that measured by Collins using short test specimens.  
3. The measured Cs value (for non-curved bolted double layer assemblies 
matching Collins details) was double that suggested by Collins from his 
study of a complete curved gridshell. 
4. The Cs value for bolted assemblies is greater than for glued assemblies. 
5. The Cs value for screwed assemblies is similar to that of bolted assemblies. 
6. The Cs value for using 8mm new OSB is less than that found using 8mm old 
OSB. 
7. For new OSB the Cs value of 18mm thick material is greater than for 12mm 
material and much greater than for 8mm. 
 
Further testing with larger samples may allow much of the variations noted to be 
better understood. The marginal error graph in fig.7.7 suggests that a sample size 
between 30 and 60 rather than 12 may be required. The scope of the present 
preliminary study did not allow for such a large scale test regime. The possibility 
that Cs is a parameter that cannot adequately capture the complexity of behaviour 
present in a double curved gridshell must be considered. A theoretical examination 






Chapter 8: Conclusions and Recommendations 
 
8.1 Significant Overall Finding and Conclusion   
The two central themes to this research were the OSB material properties and the 
degree of composite action (Cs) between coupled grid layers in gridshells made from 
Oriented Strand Board. Cs values for bolted and screwed double layer gridshell 
elements made from 8mm thick “old” OSB were established. Cs values for bolted 
double layer assemblies of 8mm, 12mm and 18mm “new” OSB were also 
established. Preliminary results (3 specimens) have also been established for glued 
elements. 7 findings are summarised: 
 
1. The mean Elastic modulus measured using 8mm thick long strips (old OSB) 
is 8% smaller than that measured by Collins using short test specimens.  
2. The mean Elastic modulus measured using 8mm thick long strips (New OSB) 
is 2% smaller than that measured by Collins using short test specimens. 
3. The measured Cs value (for non-curved bolted double layer assemblies 
matching Collins details) was double that suggested by Collins from his 
study of a complete curved gridshell. 
4. The Cs value for bolted assemblies is greater than for glued assemblies. 
5. The Cs value for screwed assemblies is similar to that of bolted assemblies. 
6. The Cs value using 8mm new OSB is less than that found using 8mm old 
OSB. 
7. For new OSB the Cs value of 18mm is greater than for 12mm and much 
greater than for 8mm. 
 
The main implications are that further studies using larger samples are needed and 
that a theoretical examination of the parameter Cs is also required. 
 
8.2 Recommendations for Further Research 
The material testing carried out as part of this research was focused on the Cs value 
in unbent laths of 8mm old OSB and 8mm, 12mm and 18mm new OSB conditioned 
to 20°C and 65% RH. Further testing with larger sample sizes is required to 
investigate the results above. 
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Factors influencing gridshell stiffness include material stiffness, connection stiffness 
and active structural deformation modes. It is suggested that testing and 
computational modelling of double layer assemblies using low carbon steel can 
throw light on the influence of deformation modes (buckling and secondary bending) 
that depend on geometry and initial defects and connection behaviour (bolts) can be 
similarly investigated using steel laths.   
 
The material factors for OSB can only be better understood by using larger sample 
sizes. Time dependent deformation may be a factor with OSB and this also requires 
testing (Figure 8-1). 
 
Research into improving the material properties of OSB could be investigated for use 
specifically in gridshells. The manufacture process could be optimised to orientate 
the strands specifically in the longitudinal direction, to improve the accuracy in 
thickness and width and to allow the  production of long narrow strips. Ideally, an 
engineered product specifically designed for bending active gridshell use would 











Figure 8-1: Bolt connection test (Chu and Li, 1997) 
Experimental tests are required for a variety of lath sizes to understand effect on the 
strength and stiffness properties of various OSB thickness (Figure 8-2). The material 
testing carried out as part of this research was focused on the short-term properties of 
8mm OSB conditioned to 20°C and 65% RH. Further testing is required to determine 












Figure 8-2: Different thickness of OSB        
Computational modelling may contribute to an understanding of some of the results 
listed above. The following steps are suggested. Develop a Finite element model of 
layered beams to understand the strain profile at each point along the beam. Use the 
Finite element model to determine the required shear stress that needs to be 
developed for full composite action. Therefore, the detailed design contact areas and 
applied torque that to give the required shear stress for the best composite action 
could be established. 
 
Study the behaviour of beam, post buckled beam (non- linear), and the variation of 
Cs value between straight beam, post buckled curved beam and double layer curved 
















Moreover, study the behaviour of bent beams using OSB double layers in single 
beams, two crossing beams fabricated together and four crossing beams fabricated 











Figure 8-4: Study the Behaviour of Bent beams 
 
Finally, additional testing based exactly on Collin’s (2015) arrangements may 
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Appendix A. Test adjusted    
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                                                    Figure A-12: Test result (Old OSB) sample 11 (11C) 
 




































































                                                   
                                                      Figure A-15: Test result (New OSB) sample 1ad 
 
 
                                                    Figure A-16: Test result (New OSB) sample 1ae 
